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The  Effects  of  Technological  Change,  Experience  and  Environmental  Regulation 
on  the  Constiruction  Costs  of  Coal-Buming  Generating  Units 

Paul  L.  Joskow  and  Nancy  L.  Rose 

Introduction 

This  paper  provides  an  empirical  analysis  of  the  technological, 
regulatory  and  organizational  factors  that  have  influenced  the  costs  of 
huilding  coal-burning  steam-electric  generating  units  over  the  past  twenty 
years.  We  focus  on  the  effects  of  technological  change,  learning-by-doing 
(experience  effects),  tightened  environmental  restrictions  and  general  changes 
in  productivity  on  the  costs  of  building  coal-burning  generating  units  in  the 
United  States.  We  also  provide  evidence  on  the  relationship  between  unit  size 
and  construction  costs  and  how  this  relationship  varies  across  generating 
technologies.  There  appears  to  be  substantial  disagreement  between  engineering 
cost  calculations  which  assume  that  economies  of  scale  in  construction  are 
important  and  some  previous  econometric  work  (Wills,  1978  for  example).  The 
work  reported  here  contributes  additional  evidence  on  this  issue. 

We  use  a  very  comprehensive  data  base  that  includes  cost  and  technological 
information  as  well  as  information  on  construction  experience  by  utility  and 
architect-engineer  (AE)  for  over  400  generating  units  placed  in  operation 
during  the  period  I960  to  1980;  about  95^  of  all  coal  units  constructed  during 
this  period  of  time.  By  focusing  on  the  generating  unit  level,  we  avoid 
potential  biases  in  some  previous  studies  that  rely  on  multi-unit  plant  level 
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data  or  only  on  single  unit  plants.  Our  sample  covers  the  period  both  before 
and  after  the  severe  tightening  of  environmental  regulations  that  have  focused 
particular  attention  on  air  and  water  pollution  from  electric  power  plants, 
especially  coal  plants.  The  sample  also  covers  a  long  enough  period  of  time 
for  us  to  examine  general  changes  in  construction  productivity  over  time. 
Finally,  the  sample  includes  observations  on  four  "generations"  of  steam 
electric  generating  technologies  with  different  theoretical  thermal 
efficiencies. 

¥e  view  this  work  as  a  natural  extension  of  Zimmerman's  analysis  of 
nuclear  power  plant  costs  to  coal  technology  .  We  also  believe  that  this 
study  helps  to  fill  an  important  gap  in  Bushe's  (1981)  study  of  fossil  fuel 
generating  technology.  In  an  otherwise  excellent  study  of  fossil  fuel 
generating  technology  Bushe  provides  essentially  no  information  on  the  capital 
costs  of  coal  units.  This  paper  extends  that  portion  of  ¥ills  (1978)  which 
examines  fossil  plant  construction  costs  for  the  period  1958-1970  and  Perl's 
(1982)  unpublished  work,  with  an  expanded  data  set  and  alternative  model 
specifications  which  allow  us  to  analyze  differences  in  generating  technology 
and  to  identify  experience  effects.  Finally,  we  believe  that  this  study  helps 
to  shed  additional  light  on  more  general  issues  associated  with  the 
relationship  between  static  notions  of  scale  economies  and  technological 
innovation  raised  by  Levin  (1977). 


Technological  and  Scale  Characteristics  of  Steam  Turbine  Generating  Technology 

1950-1982 

The  basic  technology  for  transforming  fossil  fuel  into  electricity  using 
steam  turbines  is  fairly  old  and  the  basic  thermodynamic  properties  of  the 
steam-turbine  (Rankine)  cycle  are  well  understood.  Fossil  fuel   (usually  coal) 
is  burned  in  a  furnace  to  generate  pressurized  high  temperature  steam  (the 
furnace  and  the  steam  generating  and  heating  equipment  are  generally  referred 
to  collectively  as  "the  boiler"  on  which  we  will  have  more  to  say  below).  The 
pressurized  steam  is  expanded  through  a  turbine  which  turns  a  generator  to 
produce  electricity.  The  steam  exhausted  from  the  turbine  is  then  cooled  in  a 
condenser  and  is  returned  to  the  boiler  to  begin  the  cycle  once  again.  Central 
station  generating  units  using  this  cycle  were  first  introduced  in  the  United 

States  around  the  turn  of  this  century,  and  since  then  have  been  the  primary 

5 
basis  for  electricity  generation  in  the  U.S. 

Technological  change  in  fossil  fuel  steam  turbine  technology  has  focused 

on  three  objectives.  First,  considerable  effort  has  been  directed  at 

increasing  the  thermal  efficiency  of  the  basic  (Rankine)  steam  cycle.  Second, 

efforts  to  increase  the  feasible  size  (both  technical  and  economic)  of 

generating  units  were  made  to  exploit  perceived  scale  economies  in 

construction  and  maintenance  costs.  Third,  as  in  most  other  industries, 

efforts  were  made  to  reduce  component  and  construction  costs  and  (especially 

recently)  to  improve  equipment  reliability. 

The  overall  thermal  efficiency  of  a  steam  generation  cycle  increases  with 

the  temperature  and  pressure  of  the  steam,  the  thermal  efficiency  of  the 

boiler,  the  efficiency  of  the  turbine  and  the  size  of  the  boiler  and  turbine 

(within  some  range).  Over  time,  a  large  number  of  technological  advances  have 


4 
been  made  to  increase  design  thermal  efficiencies.  These  include  advances  in 
boiler  technology  permitting  higher  steam  temperatures  and  pressures, 
improvements  in  turbine  technology  making  it  possible  for  turbines  to 
withstand  higher  temperatures  and  pressures  and  increased  steam  volumes, 
improvements  in  steam  generation  and  furnance  technology  increasing  boiler 
efficiency,  the  introduction  of  reheat  cycles  increasing  turbine  efficiency 

and  reducing  moisture  problems,  and  the  introduction  of  regenerative  or 

4 
pre-heat  cycles  to  increase  boiler  efficiency. 

Until  the  early  1960's  these  improvements  in  design  efficiency  also  led 

to  dramatic  improvements  in  the  observed  average  operating  thermal  efficiency 

5 
of  steam  generating  plants   .   However,  by  the  late  1950's  a  steam  temperature 

threshold  of  sorts  in  the  1000  F  to  1010  F  degree  range  was  reached  and  almost 

all  new  units  installed  since  the  late  1950's  have  this  steam  temperature. 

There  is  no  theoretical  reason  why  higher  steam  pressures  could  not  be 

achieved   ,  but  technical  and  economic  constraints  appear  to  have  made  1000  F 

to  1010  F  the  maximum  practical  design  temperature  for  a  Rankine  steam  cycle. 

Furthermore,  the  use  of  a  single  reheat  cycle,  which  takes  steam  exhausted 

from  the  high  pressure  end  of  the  turbine  and  passes  it  back  through  the 

boiler  to  be  heated  before  going  through  the  medium  pressure  portion  of  the 

turbine,  thereby  increasing  average  cycle  temperature  and  thermal  efficiency  , 

had  become  standard  by  I960.  Finally,  the  bleeding  of  steam  from  the  turbine 

to  preheat  water  before  it  returned  the  boiler  had  become  standard  by  I960, 

although  the  average  number  of  preheaters  increased  slightly  from  the  early 

1960's  until  the  late  1970' s.  As  a  result,  since  about  1960,  the  primary 

technological  frontier  on  the  thermal  efficiency  front  has  been  in  the 

7 
pressure  and,  to  a  lesser  extent,  the  size  dimension. 

Table  1  provides  information  on  the  steam  pressure  characteristics  of  all 


Table  1 

Capacity  Additions  Bj  Technological  Group  and  Tear:  1950-1982 

{%   of  new  capacity) 

Turbine  Throttle  Pressure  Group 


Subcriti 

cal 

Supercritical 

1600  less 

I   1800 

2000 

2400 

3500 

Period 

1950-54 

■39% 

45^ 

15^ 

2% 

0% 

1955-59 

10 

32 

56 

20 

1 

1960-64 

2 

21 

20 

45 

12 

1965-69 

2 

8 

1 

46 

42 

1 970-74 

0+ 

5 

0+ 

32 

62 

1 975-80 

0 

6 

1 

62 

31 

1 981 -82 

0 

2 

4 

88 

6 

Source:  See 

Text 

Table  2 

Size  Distribution  of  lew  Coal  Capacity  By   Tear: 1950-1 982 

(Mwe) 


Mean 

Minimum 

Maximum 

Period 

1950-54 

124 

100 

175 

1955-59 

168 

100 

335 

1960-64 

242 

100 

704 

1965-69 

407 

103 

950 

1 970-74 

591 

115 

1300 

1 975-80 

545 

114 

1300 

1 981 -82 

517 

110 

891 

Source:  See  Text 
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coal  units  installed  between  1950  and  1982,  measured  as  a  percentage  of  new 
coal  capacity  placed  in  operation  during  each  time  period.  (Note  that  this 
table  and  the  one  that  follows  it  are  based  on  a  census  we  performed  of  the 
characteristics  of  all  coal  units  greater  than  100  Mwe  capacity  built  during 
this  period.  However,  we  presently  have  information  on  construction  costs  for 
the  units  built  between  I960  and  1980  only.)  We  have  divided  the  generating 
units  into  four  groups  according  to  their  rated  turbine  throttle  pressures.  We 
chose  the  grouping  after  reviewing  the  engineering  literature  which  discusses 
different  pressure  categories  and  after  examining  the  distribution  of  units  by 
rated  turbine  throttle  pressure  .  The  units  fall  naturally  into  at  least  three 
pressure  classes  grouped  around  1800,  2400  and  3500  psi.  The  distribution  also 
suggests  a  fourth  class  grouped  around  2000  psi,  although  there  are  many  fewer 
units  in  this  class  than  the  others.  We  were  unable  to  find  much  discussion  of 
this  class  in  the  engineering  literature,  although  Bushe  lists  it  as  a 
separate  category.  Rather  than  arbitrarily  allocating  these  units  to  the  1800 
or  2400  psi  classes  we  have  treated  them  as  a  distinct  class,  although  we  have 
only  22  observations  on  these  units  in  our  1960  to  1980  sample  period. 

These  four  pressure  classes  aggregate  into  two  major  technological 
classes;  subcritical  units  with  pressures  less  than  3206  psi  and  supercritical 
units  with  pressures  greater  than  3206  psi.  We  discuss  the  technological  and 
economic  differences  between  these  subcritical  and  supercritical  units  in  the 
next  section. 

There  are  three  things  to  note  in  table  1.  First,  until  the  mid-1970's  we 
see  a  pervasive  movement  of  the  industry  from  lower  pressure  units  to  higher 

pressure  units.  This  is  a  continuation  of  a  trend  that  began  with  the  first 

9 
steam  turbine  units  introduced  at  the  turn  of  the  century.   Second,  the  new 

technologies  with  higher  pressures  and  associated  higher  design  efficiencies 
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are  introduced  only  gradually  over  time  with  different  technologies 
"coexisting"  at  any  point  in  time.  Third,  the  "inevitable"  movement  to  the 
higher  pressure  supercritical  units  began  in  the  early  1960's,  continued  into 
the  1970's  and  then  reversed  itself.  Today  the  highest  pressure  technology  has 
effectively  been  abandoned.  This  assault  on  the  higher  pressure  frontier  and 
the  subsequent  retreat  from  it  is  unique  in  the  history  of  technological 
advance  in  the  electric  power  industry.  ¥e  want  to  look  closely  at  the 
relative  costs  of  building  subcritical  and  supercritical  units  to  see  if  a 
partial  explanation  for  this  behavior  can  be  found  there.  In  the  final  section 
of  the  paper  we  discuss  reasons  other  than  high  construction  costs  that  are 
likely  to  account  for  the  abandonment  of  what  was  thought  to  be  the  next 
frontier  in  generating  technology  in  the  early  1960's. 

The  movement  to  higher  pressure  units  was  accompanied  by  a  fairly  rapid 
increase  in  the  average  size  (measured  by  generating  capacity)  of  new  units 
until  about  1975-  Table  2  presents  data  on  the  mean,  minimum  and  maximum  sizes 
of  coal  units  placed  in  operation  between  1950  and  1982.  The  trend  towards 
increasing  size  leveled  off  by  the  late  1970's,  and  the  average  size  of  units 
installed  has  declined  slightly  since  1975*  Very  large  units  (above  750  Mwe) 
have  been  almost  completely  abandoned.  ¥e  discuss  a  number  of  possible 
explanations  for  these  patterns  in  the  final  section  of  the  paper. 

Factors  Affecting  the  Construction  Costs  of  Coal  Generating  Units 

Before  discussing  in  detail  the  factors  that  are  thought  to  affect  the 
cost  of  building  coal  units  it  is  worth  discussing  briefly  the  nature  of  the 
"product"  whose  costs  we  are  measuring.  A  steam  generation  and  electricity 
production  system  is  created  as  the  result  of  a  very  large  and  fairly 
complicated  construction  project  that  incorporates  many  unit  specific  design 
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characteristics  and  requires  a  considerable  amount  of  time  to  complete.  It 
involves  a  detailed  design  and  engineering  process,  the  procurement  of  a  large 
number  of  components  from  many  different  suppliers,  the  assembly  of  these 
components  into  a  steam  generation  and  electricity  production  system  on  site 
and  the  construction  of  structures  to  house  the  assembled  components.  The 
construction  is  accomplished  with  a  large  labor  force  made  up  of  workers  from 
many  different  crafts.   A  truck  does  not  just  roll  up  to  the  site  with  a 
boiler  on  the  back  and  unload  it  for  simple  connection  to  steam  lines  leading 
to  turbine.  The  modern  steam  generation  system  ("the  boiler")  is  a  very  large 
(on  the  order  of  200  feet  high  including  room  for  steam  lines  and  ash  handling 

equipment)  complicated  facility  made  up  of  numerous  mechanical  and  structural 

12  13 

components.   Actual  construction  typically  takes  three  to  five  years   ,  and 

the  magnitude  and  complexity  of  the  construction  project  requires  extensive 

design  and  engineering  work  and  specialzed  managerial  skill  for  it  to  be 

accomplished  at  minimum  cost.  Poor  design  and  engineering  work,  poor 

management  of  the  construction  project  or  a  relatively  unproductive  work  force 

can  increase  the  cost  of  the  facility  enormously. 

It  is  our  sense  that  some  previous  work,  perhaps  unintentionally,  gives 

the  impression  that  utilities  purchase  a  power  plant  from  a  supplier  as  they 

would  purchase  a  new  transformer  or  as  a  homeowner  might  purchase  a  new  water 

heater.  We  hope  that  such  a  conceptualization  will  be  erased  from  the  reader's 

mind. 

¥e  now  discuss  of  the  primary  factors  that  are  normally  identified  as 
affecting  coal  unit  construction  costs  and  which  we  include  in  our  econometric 
model. 
1.  Size:  Economies  of  Scale  in  Construction 

The  engineering  literature  on  steam  generating  power  plants  generally 
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assumes  that  unit  capital  costs  increase  less  than  proportionately  with  the 
capacity  of  the  unit.  For  example,  a  recent  engineering  cost  analysis 
comparing  350  Mwe  with  700  Mwe  coal  units  suggests  that  average  construction 

cost  per  unit  of  capacity  declines  by  23%   when  we  move  from  the  smaller  to  the 

..   .    14 
larger  unit  sizes. 

While  a  variety  of  engineering  rules  of  thumh  are  sometimes  cited  ( 

sixth-tenths  rule,  two-third  rules,  etc.)  for  characterizing  the  relationship 

■between  construction  costs  and  capacity,  engineering  cost  calculations  are 

actually  far  more  complicated  reflecting  different  cost  relationships  for 

15 
different  portions  of  a  generating  unit.   Nevertheless,  there  seems  to  be  a 

general  feeling  among  economists  that  engineering  cost  calculations  tend  to 

overestimate  the  magnitude  of  economies  of  scale  in  construction  costs  for 

central  station  power  plants.  Wills  found  that  there  were  minimal  economies  of 

scale  in  construction  costs  beyond  100  Mwe  of  capacity  (the  minimum  size  unit 

in  our  sample)  for  units  built  between  1958  and  1970  .  Zimmerman  found  that 

cost  estimates  for  nuclear  plants  were  based  on  a  scale  parameter  twice  the 

size  of  the  realized  parameter. 

The  relationship  between  economies  of  scale  assumed  in  engineering 

calculations  used  for  planning  purposes  and  what  emerges  from  actual 

construction  experience  is  of  considerable  importance  since  planning 

calculations  that  persistently  overestimate  scale  economies  can  lead  to  the 

construction  of  units  that  are  too  large  to  minimize  total  generation  costs. 

It  also  has  important  implications  for  the  optimal  structure  of  electricity 

17 
producing  firms.   We  find  it  hard  to  believe  that  design  engineers  would 

continue  to  incorporate  scale  economies  into  their  construction  cost  estimates 

if,  as  Wills  suggest,  few  such  economies  are  present  beyond  100  Mwe.   This  is 

obviously  a  testable  proposition.  We  expect  to  observe  economies  of  scale  in 


9 
construction  costs  at  the  generating  unit  level.  The  magnitude  of  these  scale 
effects  is  an  empirical  question  and  there  is  no  reason  the  believe  that  the 
observed  scale  economies  will  be  the  same  across  technologies. 
2.  Technological  Differences 

As  we  discussed  above,  the  technological  change  in  this  industry  since  the 
early  1960's  has  focused  on  developments  that  make  it  possible  to  produce 
steam  at  higher  pressures  and  that  expand  the  size  frontier  for  boilers, 
turbines,  generators  and  other  equipment.  For  subcritical  units,  increasing 

steam  pressures  required  the  development  of  stronger  materials  to  withstand 

1  8 
the  higher  pressures,  as  well  as  thicker  casings  for  components    .  However, 

aside  from  additional  materials  costs  to  accomodate  the  gradual  evolution  to 

higher  pressures,  there  were  not  fundemental  technological  differences  among 

19 
the  subcritical  pressure  groups  during  our  sample  period.   Thus,  we  expect 

that  cost  differences  among  subcritical  technologies  were  probably  fairly 

small  by  the  1960's  with  higher  pressure  units  having  somewhat  higher  costs 

than  lower  pressure  units,  other  things  equal. 

The  development  of  supercritical  boilers  represented  a  more  fundamental 
departure  from  previous  boiler  technology.  By  heating  water  to  a  temperature 
above  706  F  at  a  pressure  above  3206  psi,  the  water  directly  vaporizes  to  dry 
superheated  steam.  This  allows  for  some  capital  cost  savings  compared  to 
subcritical  boilers  associated  with  equipment  required  to  extract  saturated 
steam,  recycling  equipment  and  some  equipment  to  heat  saturated  steam.  But  it 
also  requires  additional  expenditures  on  materials  to  accomodate  the  large 
increase  in  steam  pressures. 

Engineering  cost  calculations  suggest  that  supercritical  units  are 
characterized  by  substantial  economies  of  scale  in  construction.  Early 
evaluations  of  supercritical  technology  assumed  that  at  relatively  small  scale 


10 
(below  about  300  Mwe)  supercritical  units  would  be  more  expensive  than 

subscritical  units;  so  much  more  expensive  that  expected  thermal  efficiency 

20 
improvements  would  not  make  them  economical.   At  larger  scale  supercritical 

units  were  expected  to  be  both  less  expensive  to  build  and  less  expensive  to 

operate  through  fuel  savings  due  to  improved  thermal  efficiency.  Recent 

engineering  calculations  suggest  that  supercritical  units  are  less  expensive 

21 
to  build  than  state  of  the  art  subcritical  units  at  scales  above  500  Mwe. 

It  should  be  noted  that  the  difference  in  design  or  theoretical  efficiency 
between  a  state  of  the  art  subcritical  unit  and  a  typical  supercritical  unit 

(both  with  1000  F  steam)  appears  to  be  in  the  range  of  2  to  A%   under  design 

22 
operating  conditions.    Given  typical  fuel  costs  and  construction  costs  for 

subcritical  units  this  suggests  that  the  costs  of  supercritical  units  cannot 

be  much  higher  than  those  of  subcritical  units  if  they  are  to  be  economical 

to  install. 

3.  Compliance  ¥ith  Enviroiunental  Begulations 

During  the  time  period  covered  by  of  our  construction  cost  data  base 

restrictions  on  power  plant  discharges  of  effluents  into  the  environment 

increased  dramatically.  The  typical  coal  unit  built  in  the  mid-1 960' s  used  a 

once  through  cooling  cycle,  required  no  sulfur  emissions  control  equipment  and 

had  to  control  only  the  larger  particulates.  As  time  went  on,  and  especially 

after  1970,  air  and  water  pollution  restrictions  increased.  Once  through 

cooling  was  replaced  with  a  variety  of  techniques  to  remove  the  heat  absorbed 

by  cooling  water  as  it  passed  through  the  condenser  before  it  was  discharged 

back  into  the  water  source;  these  included  cooling  ponds  and  a  variety  of 

types  of  cooling  towers.  Over  time,  the  permitted  difference  between  the  water 

discharge  and  the  ambient  temperature  of  the  water  source  declined.  Additional 

constraints  were  placed  on  cooling  water  intake  and  discharge  to  protect 
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marine  organisms  and  to  reduce  the  discharge  into  the  water  supply  source  of 
various  chemicals  picked  up  by  the  cooling  water  . 

Sulfur  emissions,  nitrogen  oxide  emissions  and  particulate  emissions  into 
the  air  were  controlled  more  and  more  tightly  during  the  1970's.  During  the 
1970's  advanced  precipitator  equipment  was  installed  to  meet  tighter 
particulate  emissions  standards  and  by  the  late  1970's  an  increasing  number  of 
units  with  scrubbers  began  operating.  Tightened  controls  on  toxic  substances, 
power  plant  noise,  and  the  like  all  required  additional  capital 
expenditures. 

We  should  expect  to  observe  that  the  tightened  environmental  requirements 
increased  the  cost  of  coal  burning  units.  However,  it  is  difficult  to  identify 
all  of  the  specific  design  and  construction  responses  to  the  plethora  of  new 
regulations  that  were  imposed  during  this  time  period  in  any  simple  way.  We 
can  determine  which  units  were  built  with  scrubbers  and  cooling  towers  ,  but 
it  is  almost  impossible  to  provide  a  simple  categorization  of  all  of  the 
subtle  responses  that  were  made  to  meet  new  environmental  restrictions. 
Therefore,  after  accounting  for  the  larger  easily  identifiable  construction 
responses  we  should  expect  to  observe  a  "residual"  secular  increase  in  the 
real  costs  of  building  coal  plants  during  the  1970's.  This  will  reflect 
"unmeasured"  environmental  controls,  as  well  as  increased  construction  times 
necessitated  both  by  more  equipment,  and  greater  regulatory  scrutiny  and 
permit  requirements  to  obtain  operating  licenses. 
4*  Learning  and  Erperience  Effects 

At  least  two  studies  of  nuclear  power  plant  construction  costs  have 
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identified  learning  or  experience  effects.   That  is,  they  have  found  that  as 

the  cumulative  number  of  units  built  increases,  the  average  cost  per  unit  of 

capacity  declines,  other  things  equal.  These  learning  effects  are  typically 
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identified  with  the  architect-engineer  or  constructor/construction  manager 
(often  the  same  firm  for  a  nuclear  plant).  Thus,  the  learning  effects  that  had 
previously  been  identified  for  airframes,  ships  and  various  manufactured 
products  appear  to  characterize  nuclear  power  plant  construction  as  well.  ¥e 
are  interested  in  determining  whether  these  learning  effects  are  also  present 
in  coal  unit  construction  and  we  are  not  aware  of  any  other  studies  that  have 
attempted  to  do  so.  Since  we  have  a  sample  of  units  that  has  about  ten  times 
more  observations  than  were  available  for  the  nuclear  plant  cost  studies  and 
can  distinguish  between  different  technologies,  we  should  be  able  to  obtain  n 
more  definitive  picture  of  learning  effects. 

The  precise  sources  of  observed  learning  effects  in  power  plant 
construction  are  likely  to  be  different  from  those  identified  in  "classical" 
learning-by-doing  studies.  Early  studies  of  learning-by-doing  associated  the 
observed  decline  in  costs  in  airframe  and  shipbuilding  costs  with  the 

repetitive  production  of  identical  units  by  a  relatively  stable  workforce  at  a 
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particular  production  site  over  a  relatively  short  period  of  time   .  Unit 

labor  costs  were  observed  to  decline  dramatically  as  cumulative  production 

increased.  The  learning  effects  were  thought  to  reflect  increased  labor 

productivity  as  workers  got  better  at  doing  their  jobs  as  well  as  better 

organization  of  the  workplace  as  a  whole  reflecting  management  learning  about 

the  production  process.  Different  rates  of  learning  were  sometimes  observed  at 

different  production  sites.  As  the  learning-by-doing  theory  was  extended  to 

more  conventional  manufacturing  processes  additional  sources  of  learning  were 

suggested  which  included  design  changes  in  the  product,  better  inventory 
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control  and  increased  productivity  by  suppliers  of  materials  and  equipment 

The  nature  of  the  construction  of  power  plants  is  sufficiently  different 

from  the  typical  airframe,  shipbuilding  and  manufacturing  process  to  make  it 
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worthwhile  to  discuss  in  more  detail  the  potential  sources  of  learning.  This 
is  especially  important  since  one  of  the  problems  with  estimating  experience 
effects  is  the  difficulty  of  distinguishing  these  effects  from  other  sources 
of  cost  changes  over  time. 

The  process  of  building  a  coal  unit  starts  with  the  design  and  engineering 
of  the  unit.  For  most  utilities  this  task  is  assigned  to  an  architect-engineer 
(AE)  who  prepares  initial  engineering  plans  and  cost  estimates  and  continues 
to  work  on  design  and  engineering  problems  through  the  construction  phase  of 
the  plant.  Some  utilities  handle  design  and  engineering  internally,  although 
the  number  of  utilities  that  do  so  has  declined  over  time  as  construction 
projects  have  become  larger  and  more  complex   .  As  discussed  above,  the 
actual  construction  of  a  unit  on  a  particular  site  involves  first  the 
procurement  of  boiler  components,  piping,  pumps,  turbine-generator  equipment, 
coal  handling  equipment,  control  equipment,  structural  steel,  electrical 
switching  equipment  etc.  from  equipment  vendors  (  e.g.  GE,  Westinghouse, 
Combustion  Engineering,  Babcock  and  Wilcox)  and  then  the  actual  construction 
of  the  power  plant  from  these  components  at  the  plant  site.  Relatively  few 
utilities  manage  the  construction  of  coal  units  completely  themselves, 
although  when  smaller  units  were  built  (especially  prior  to  the  mid-1 960' s) 
utility  management  of  construction  was  more  frequent.  A  utility  typically 
hires  an  outside  firm  to  act  as  construction  manager  or  constructor  of  the 
unit.  In  many  cases  the  construction  manager  and  the  architect  engineer  are 
the  same 

The  division  of  responsibilities  among  the  utility,  the  construction 
manager  and  the  architect  engineer  in  the  construction  of  coal  units  varies 
widely  from  utility  to  utility  and  over  time.  In  a  few  cases  The  AE  and  the 
construction  manager  are  given  almost  complete  responsibility  for  designing 
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and  building  the  plant.  In  most  cases,  the  utility  has  an  internal  staff  that 

works  with  the  architect  engineer  and  the  construction  manager  at  both  the 
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design  and  construction  stages.   The  workers  who  actually  build  the  plant 

(laborers,  electricians,  plumbers,  welders,  heavy  equipment  operators,  etc.) 

are  primarily  assembled  for  a  particular  construction  project  drawing  heavily 

on  local  and  regional  labor  markets.  Utility  involvement  in  design  and 

construction  also  appears  to  be  much  more  extensive  for  coal  units  than  for 

nuclear  units. 

Vhat  then  are  the  sources  of  any  learning  effects  that  might  be  observed? 
The  traditional  sources  of  learning  in  airframe  and  shipbuilding  construction 
associated  with  "direct  learning  by  labor"  seem  especially  unlikely  in  the 
actual  construction  of  plants,  given  the  nature  of  the  construction  process 
and  the  use  of  labor.  Equipment  manufacturers  are  likely  to  experience 
traditional  learning  economies  in  factory  production  of  components.  These 
economies  should  be  reflected  in  declining  procurement  costs  (assuming 
competitive  price  determination).  If  the  construction  cost  data  are  adjusted 
for  input  price  changes  (as  we  do  below)  these  learning  effects  should  not  be 
observed  in  the  real  construction  cost  data.  If  the  cost  data  cannot  be 
completely  adjusted  for  input  price  changes  these  effects  would  appear  as 
"general"  or  "industry"  learning  associated  with  the  cumulative  production  of 
all  units  rather  than  AE  or  utility  specific  learning  effects. 

At  the  actual  construction  stage,  learning  effects  seem  most  likely  to  be 
associated  with  the  repetitive  design  of  technologically  similar  power  plants 
and  with  repetitive  management  of  construction.  Some  of  this  learning  may 
accrue  to  individual  architect/engineers,  construction  managers  and  utilities, 
but  "general"  or  "industry-wide"  appropriation  of  design  innovations  is  also 
possible.  Although  utilities  frequently  retain  other  firms  as  their  agents  to 
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do  design  and  engineering  work  and  to  manage  construction,  they  are  generally 
intimately  involved  with  the  whole  process,  may  acquire  experience  that  can 
help  to  mitigate  any  principal/agent  problems  that  may  arise  from  differences 
in  incentives  and  may  be  especially  knowledgable  about  local  labor  market 
conditions  and  experienced  in  dealing  with  local  craft  unions.  Therefore,  both 
AE  and  utility  experience  in  the  power  plant  design  and  construction  process 
could  help  to  reduce  costs. 

In  the  case  of  the  period  covered  by  our  construction  cost  data 
(1 960-1 980),  it  is  most  likely  that  we  will  observe  learning  effects  for 
supercritical  units,  which  have  significant  differences  from  subcritical 
units,  and  for  which  our  sample  period  covers  essentially  the  entire  history 
of  this  technology.  By  1960  when  our  sample  begins,  the  relevant  agents 
already  had  a  significant  amount  of  experience  with  subcritical  technology  of 
all  types  and  it  is  more  likely  that  they  would  have  been  well  down  any 
learning  curve  when  we  begin  to  pick  up  observations  on  construction  costs. 
5<  Hegional  Cost  Differences 

The  structural  requirements  for  power  plants  differ  from  region  to 
region  due  largely  to  differences  in  weather  conditions.  In  colder  climates, 
enclosed  structures  are  built  to  house  boilers  and  turbine-generator  equipment 
indoors.  ¥e  refer  to  this  as  conventional  construction.  In  warmer  climates, 
either  the  boiler  or  the  turbine/generator  equipment  or  both  may  be  placed 
outdoors,  with  a  saving  in  construction  costs.  We  call  this  unconventional 
construction.  While  the  differences  in  overall  costs  due  to  these  factors  are 
likely  to  be  small  (structures  only  account  for  about  ^'5%   of  total 
construction  costs)  we  make  an  effort  to  account  very  roughly  for  differences 
in  these  structural  features  across  generating  units. 

Although  major  components  of  generating  units  are  sold  in  a  national 
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market  and  should  have  similar  prices  from  region  to  region,  construction 
labor  is  obtained  largely  in  local  and  regional  markets.  ¥e  therefore  make  an 
effort  to  account  for  differences  in  relative  wages  for  laborers  across 
regions.  This  is  important  in  order  to  insure  that  we  do  not  confound  utility 
specific  cost  effects  and  learning  effects  with  what  are  simply  differences  in 
input  prices  that  are  not  picked  up  by  available  price  indices,  since  three  of 
the  four  largest  utilities  which  do  their  own  engineering  and  construction 
work  happen  to  be  located  in  relatively  low  wage  areas. 
6.  Accounting  Issues  and  Adjustments  For  Input  Price  Changes 

We  are  able  to  measure  the  nominal  book  costs  of  construction  associated 
with  each  generating  unit  in  our  sample.  Two  problems  emerge,  one  relatively 
minor  and  one  of  considerable  importance.  The  first  problem  is  what  we  call 
the  "first  unit  effect."  The  majority  of  the  units  in  our  sample  are  built  as 
part  of  multi-unit  sites  where  two  or  more  units  are  planned  to  be  built  in 
sequence  over  a  period  of  a  few  years.  There  are  substantial  common  costs 
associated  with  design  work,  site  procurement  and  preparation,  coal  handling 
facilities,  water  intake  and  discharge  facilities,  control  rooms,  waste 
storage  facilities,  etc.  Utilities  have  strong  incentives  to  assign  as  large  a 
fraction  of  these  common  costs  as  possible  to  the  first  unit  built  on  a  site. 

¥e  therefore  expect  the  accounting  data  to  indicate  that  first  units  are  more 
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costly  than  follow-on  units,  reflecting  this  allocation  of  common  costs. 

Failing  to  account  for  this  would  tend  to  bias  upward  our  estimates  of 
learning  effects  since  on  average  as  more  units  of  a  particular  generating 

technology  are  built,  they  are  likely  to  be  more  heavily  weighted  toward 
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follow-on  units  rather  than  first-units. 

The  second  issue  involves  the  appropriate  measurement  of  construction 
costs.  The  observed  cost  data  reflect  nominal  expenditures  on  construction 
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plus  interest  charges  accumulated  during  construction.   Over  time,  input 

prices  and  interest  rates  have  changed  and  it  appears  that  the  typical 
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construction  time  has  increased.   Ideally,  we  want  a  measure  of  real 

construction  costs  that  deflates  nominal  construction  costs  to  account  for 

changes  in  input  prices  and  interest  rates  over  time  but  retains  cost 

differences  due  to  changing  construction  times  since  longer  construction 

periods  for  the  same  piece  of  capital  equipment  represent  a  real  increase  in 
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the  effective  cost  of  the  unit. 

Unfortunately,  we  have  no  way  of  measuring  the  construction  time  or  cash 

flow  profile  for  each  unit  in  the  sample.  We  do  have  information  on  the 
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typical  cash  flow  pattern  for  coal  units  built  in  the  early  1970's   .  We  make 

use  of  this  cash  flow  pattern,  along  with  a  regional  input  price  index  and  a 

time  series  of  interest  rates  to  construct  a  "standardized"  real  construction 
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cost  variable  net  of  accumulated  interest  charges.   Other  things  equal,  units 

that  took  longer  to  build  will  have  a  higher  standardized  cost  reflecting 

residual  interest  charges  in  the  cost  figures  and  vice  versa.  Thus,  if 

construction  times  generally  have  been  increasing  over  time,  we  will  find  that 

real  costs  have  increased  systematically  over  time,  after  accounting  for  the 

other  factors  that  affect  construction  costs.  If  it  takes  longer  to  build 

larger  units  than  smaller  units  the  scale  economy  estimates  will  reflect  the 

associated  cost  differences.  Although  this  approach  is  not  ideal,  it  is  the 

best  that  we  can  do  absent  the  actual  cash  flow  pattern  for  each  unit. 

We  have  used  the  seven  region  Handy-Whitman  Index  for  steam  generation 

construction  costs  as  our  input  price  deflator.  This  is  a  proprietary  index 

that  has  been  made  available  since  1912.  The  precise  composition  of  the  index 

is  not  made  public,  but  it  appears  to  be  closer  to  a  fixed-weight  price  index 

than  to  a  variable  weight  hedonic  price  index  reflecting  changes  in  design 
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characteristics,  productivity,  scale,  environmental  requirements,  etc.  Indeed, 
in  discussing  the  index  the  supplier  states  explicitly  that: 

"State-of-the-art  changes  often  affect  costs  independently  of  inflation. 
New  regulatory  and  environmental  requirements,  changes  in  work  rules  and 
improved  design  standards,  for  instance,  increase  construction  costs  even 
though  the  price  of  wages,  materials  and  equipment  may  he  static.  Trended 
[using  the  H-¥  index]  construction  costs  will  not  reflect  such  changes." 

Since  these  are  the  kinds  of  changes  that  we  want  to  identify,  the  fact 
that  the  index  does  not  try  to  account  for  them  is  ideal  for  our  purposes.  It 
should  be  noted  that,  although  we  have  a  regional  index  of  input  price  changes 
over  time,  it  tells  us  nothing  about  the  level  of  relative  costs  across 
regions.  It  is  therefore  necessary  to  account  separately  for  regional  wage 
differences  and  construction  practice  as  discussed  above. 
7-  Unmeasured  Productivity  and  Environmental  Effects 

One  important  issue  that  has  surrounded  discussion  of  all  major  utility 
construction  projects  (indeed  all  types  of  major  construction  projects)  is  the 
perceived  dramatic  increase  in  real  construction  costs  during  the  1970's.  In 
the  case  of  electric  generating  plants  part  of  this  percieved  increase  in 
costs  may  be  due  simply  to  a  failure  to  account  properly  for  input  price 
changes,  increases  in  interest  rates  and  the  associated  capitalization  of 
increased  inflationary  expectations  into  observed  construction  costs  in  the 
form  of  interest  during  construction.  However,  there  seems  to  be  a  general 
view  that  utility  construction  projects  fell  victim  to  a  general  decline  in 
construction  productivity  during  the  1970's.   Furthermore,  many  responses  to 
tightened  environmental  restrictions  which  may  have  affected  construction 
costs  cannot  be  measured  directly  with  the  information  at  our  disposal. 

¥e  have  no  reason  to  believe  that  any  increases  in  real  costs  due  to  these 
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factors  should  have  been  present  over  our  entire  sample  period  or  changed  at  a 
constant  rate.  ¥e  therefore  have  no  reason  to  impose  a  particular  functional 
form  (e.g.  linear  or  quadratic)  on  the  variables  measuring  the  time  a  unit  was 
placed  in  operation  to  identify  the  residual  variance  associated  with  cost 
increases  or  decreases  due  to  productivity  change  and  increases  in  costs  due 
to  unmeasured  increases  in  environmental  control  expenditures  over  time.  Since 
we  have  about  20  observations  per  year  and  considerable  size  diversity 
throughout  the  sample  period  we  try  to  identify  "time  effects"  as  flexibly  as 
possible  by  estimating  our  model  with  dummy  variables  for  each  observation 

year  (except  1980)  which  take  on  a  value  of  one  if  a  unit  began  operation  in 
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that  year  and  zero  otherwise. 

The  Model 

¥e  provide  estimates  of  the  coefficients  for  several  variants  of  the 
following  basic  coal  unit  construction  cost  relationship.  The  variables 
included  are  defined  in  this  section  based  on  the  discussion  in  the  previous 
section.  The  error  structure  and  estimation  technique  are  discussed  in  the 
next  section. 
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(1)  LAC  =  I     a^T^  +  b.LSIZE  +b  RWAGE  +b,FIRST  +b  SCRUBBER  +b^COOLTWR 
t-=l  "t  "t    1        2       3       4  5 

+  b  UNCONV  +b  EXPERAE  +b  EXPERU  +b  EXPERI 
+  A  +  u 


where : 

LAC  =  the  natural  logarithm  of  the  real  cost  per  KW  of  a  generating  unit 
where  costs  are  expressed  in  $1980  net  of  "standardized"  capitalized  interest 
costs.  The  precise  derivation  is  discussed  in  the  appendix. 
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T  =  a  set  of  time  dummies  for  each  year  of  initial  commercial  operation.  The 

X 

dummy  variable  for  each  year  is  equal  to  one  if  the  associated  unit 
commenced  commercial  operation  in  a  particular  year  and  zero  otherwise.  The 
dummy  variable  is  omitted  for  1980  so  that  the  estimated  coefficients  are 
relative  to  1980  cost  conditions. 

LSIZE  =  the  natural  logarithm  of  unit  size  expressed  in  thousands  of  KW's 
(megawatts).  ¥e  estimate  the  model  constraining  the  size  coefficient  to  be 
constant  across  pressure  groups  (homogeneous  technology)  and  also  allowing 
the  size  coefficient  to  take  on  a  different  value  for  each  pressure  group 
(heterogeneous  technology) .  This  allows  us  to  test  for  differences  between 
technological  groups  and  to  see  if  a  failure  to  specify  technological 
differences  affects  the  estimated  values  of  certain  coefficients. 

Obviously,  this  functional  form  does  not  allow  for  the  estimated  average 
cost  curve  to  be  U-shaped  with  respect  to  unit  size  (although    estimating 
different  scale  and  intercept  terms  by  technological  group  as  we  do,  does 
allow  for  considerable  flexibility  in  size  effects).  To  check  the  sensitivity 
of  our  results  to  this  specification  (which  fits  the  data  quite  well)  we  have 
also  estimated  the  heterogenous  technology  specifications  (see  below) 
allowing  unit  size  to  enter  quadratically.  While  we  can  sometimes  identify  a 
quadratic  term  it  generally  implies  a  minimum  average  cost  at  or  well  beyond 
the  upper  end  of  the  observed  size  distribution  of  units  within  each  pressure 
group.  None  of  the  other  coefficient  estimates  are  affected  by  this  change  in 
specification.  Therefore  we  report  results  for  the  specification  which  allows 

size  to  enter  logarithmically. 

S¥A6E  =  The  regional  average  union  wage  for  construction  workers  in  1976  for 
the  Bureau  of  Labor  statistics  region  in  which  the  unit  is  located.  We  have 
experimented  with  regional  wage  data  for  other  years  and  they  perform  just 
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as  well  as  a  proxy  for  regional  wage  differences. 

FIRST  =  a  dummy  variable  equal  to  one  if  the  unit  is  the  first  unit  on  the 
plant  site. 

SCBUBBEH  =  a  dummy  variable  equal  to  one  if  the  unit  was  built  with  a 
scrubber. 

UHCOHV  =  a  dummy  variable  equal  to  one  if  the  unit  is  not  completely  of 
indoor  design. 

COOLT¥R  =  a  dummy  variable  equal  to  one  if  the  unit  was  built  with  any  type 
of  cooling  tower  and  zero  otherwise. 

EXPERAE  =  A  measure  of  the  relevant  experience  since  1950  of  the 
architect-engineer  which  designed  the  observation  unit.  For  each  unit  that 
enters  commercial  operation  in  year  t,  the  experience  is  measured  as  the 
cumulative  number  of  "like"  units  that  entered  service  prior  to  year  t.  Thus 
all  "like"  units  placed  in  operation  in  a  particular  year  are  assigned  the 
same  experience  value.  ¥e  had  to  confront  two  issues  here.  First,  what  is  the 
appropriate  functional  form  for  entering  the  experience  variable  ?  The 
traditional  experience  curve  literature  suggests  that  the  variable  should 
simply  be  measured  as  the  log  of  cumulative  production  and  the  estimated 
coefficient  then  is  simply  the  conventional  experience  elasticity.  However, 
Zimmerman  measures  experience  as  (1/1+  experience).  Although  these  two 
two  functional  forms  yield  experience  observations  that  are  highly 
correlated  they  do  impose  slightly  different  functional  forms  on  the 
experience  effect.  Our  results  are  generally  robust  to  either  specification. 
The  second  issue  is  the  appropriate  historical  experience  to  attribute 

to  each  AE  that  is,  how  do  we  define  "like  units"?  ¥e  could  look  at  AE 

experience  with  all  coal  units  or  experience  with  only  coal  units  within  a 
particular  technological  group.  Our  prior  was  that  there  was  sufficient 
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difference  between  the  different  vintages  of  technology  that  the  latter 
was  likely  to  be  most  appropriate,  but  we  have  estimated  the  equations  using 
both  all  coal  and  technology  specific  experience. 

¥e  also  estimate  the  model  with  the  constraint  that  experience  effects 
are  the  same  across  technological  classes,  and  allowing  the  experience 
effect  to  vary  across  these  classes. 

KXPERU  =  utility  experience  since  1950  reflecting  either  total  utility 
experience  with  coal  units  or  utility  experience  within  each  technological 
group.  ¥e  also  specify  experience  using  the  two  different  functional  forms 
that  we  discussed  above  for  AE  experience  and  estimate  models  where 
experience  effects   are  constrained  to  be  the  same  across  technological 
classes  and  allowed  to  vary. 

EXPEEIKD  =  a  measure  of  cumulative  "industry  experience."  Zimmerman 
specifies  a  variable  to  measure  total  industry  experience  with  nuclear  plants 
as  a  measure  of  the  "non-appropriable"  learning  effects  that  accrue  to 
to  the  industry  as  a  whole  in  the  construction  of  power  plants.  As  a  general 
matter  we  believe  that  it  is  quite  difficult  to  identify  "industry 
experience"  effects  of  this  type  from  other  factors  that  may  affect  real 
costs  over  time  because  time  and  industry  experience  are  so  highly 
correlated.  We  prefer  to  think  of  industry  experience  effects  as  one  of  many 
possible  sources  of  productivity  increase  that  are  imbedded  in  the  time 
effects  that  we  estimate.  However,  we  present  estimates  which  include  an 
"industry  experience"  variable  that  measures  cumulative  industry  experience 
within  each  pressure  group.  The  only  way  we  can  possibly  identify  both  an 
industry  experience  effect  and  year  by  year  time  effects  is  to  assume  that 
this  industry  experience  effect  is  the  same  across  technological 
groups  and  then  to  exploit  the  cross-sectional  differences  in  industry 
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experience  across  technological  groups  at  each  point  in  time. 

A  =  an  intercept  term.  As  for  the  size  coefficients,  we  estimate  the  model 

constraining  this  to  be  the  same  for  all  pressure  groups  and  also  allowing 

it  to  vary  among  pressure  groups. 

u  =  an  error  term,  the  structure  of  which  we  discuss  in  more  detail  in  the 

section  below. 

The  basic  form  of  the  cost  equations  to  be  estimated  is  similar  to  that 
used  by  Zimmerman  (equation  1)  in  his  analysis  of  nuclear  plant  costs.  It  is 

also  directly  analogous  to  the  structure  of  the  cost  relationships  in 
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engineering  models  of  power  plant  costs 

Error  Structure  and  Estimation 

At  first  glance  it  might  appear  that  our  data  set  is  a  simple 
cross-section  of  observations  on  generating  units  with  different 
characteristics.  This  in  turn  would  suggest  specifying  the  disturbance  term 
as  an  iid  random  variable  uncorrelated  with  the  independent  variables  and 
then  proceeding  to  estimate  (1 )  using  ordinary  least  squares.  However,  this 
simple  specification  is  not  likely  to  capture  important  characteristics  of 
the  data  set.  Our  observations  are  for  units  built  over  a  twenty-one  year 
period  and  it  seems  likely  that  systematic  residual  time  effects  are  present. 
Furthermore,  these  units  are  designed  by  several  different 

architect-engineers  and  we  believe  that  there  are  likely  to  be  unmeasured  AE 
specific  design  characteristics  associated  with  units  designed  by  particular 
AE's.   Therefore,  we  believe  it  is  most  natural  to  think  of  our  data  set  as 
a  cross-section,  time  series  with  individual  generating  units  as  observations 
over  time  on  a  panel  of  AE  firms.  This  suggests  writing  our  model  as 
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(2)   LAC  =  X.^B  +  u..      i  =  1,...N;  t  =  1,...T. 
it     it  3 
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where  i  indexes  AEs  and  t  indexes  units.   The  panel  is  unbalanced,  in  the 

sense  that  we  have  different  nximbers  of  observations  of  units  for  each  AE. 

¥e  can  describe  the  error  structure  as 


(3)  u.^  =  V.  .w^  .  h.^ 


If  we  make  the  conventional  panel  data  assumptions  about  the  moments  of  the 

44  /  N 

error  components   we  can  obtain  consistent  estimates  of  (2)  using  ordinary 

least  squares  or  generalized  least  squares.  However,  two  of  these  assumptions 

may  be  inappropriate  for  our  problem.  These  are 


(4)  E(w^lx)  =  0 
and 


(5)  E(vJX)  =  0 


Equation  (4)  implies  that  the  time  effects  w  are  uncorrelated  with  the 
exogeneous  variables.  Because  we  are  interested  in  examining  the  pattern  of 
cost  over  time,  other  things  equal,  we  chose  to  estimate  the  w.  directly 
using  time  dummy  variables.  This  is  equivalent  to  fixed  effects  estimation  of 
w  ,  and  we  therefore  do  not  have  to  impose  assumption  (4)  to  obtain 
consistent  estimates. 

Equation  (5)  implies  that  the  AE  specific  effects  (v.)  are  uncorrelated 
with  all  of  the  exogeneous  variables.  There  is  reason  to  believe  that  this 
assumption  may  not  be  valid.  The  v.  represent  characteristics  of  a  particular 
AE for  example,  design  skill,  design  philosophy,  cooperation  with 
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constructor  and  utility,  etc.  If  some  AE's  develop  reputations  for  designing 
lower  cost  units,  other  things  equal  they  will  be  hired  to  design  more  units. 
Thus,  we  could  observe  a  relationships  between  experience  and  cost  even  in 
the  absence  of  conventional  learning  economies  if  we  fail  to  control  for  this 
fixed  effect.  Alternatively,  some  AE's  may  design  higher  quality  units 
(reliability,  maintenance  costs,  achievement  of  thermal  efficiency 
specifications,  etc)  which  also  entail  higher  costs.  If  "high  quality"  AE's 
design  more  units,  in  the  absence  of  information  on  these  quality  attributes 
we  may  fail  to  pick  up  learning  effects  when  they  are  present  unless  we 
control  for  the  AE  specific  fixed  effect. 

Our  choice  of  estimation  technique  depends  on  the  validity  of  (5).  If  we 
cannot  maintain  this  assumption,  then  both  OLS  and  GLS  estimation  of  (2)  will 
yield  inconsistent  estimates  of  the  parameters  B.  In  this  case,  fixed  effects 

estimation,  i.e.  specifying  and  estimating  an  intercept  term  for  each  AE, 
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will  be  consistent.   Fixed  effects  is  also  appropriate  when  the  estimated 

values  of  the  AE  effects  are  of  interest  in  their  own  right.  If  we  can 

maintain  (5)  and  are  not  interested  in  particular  v.  effects,  then  OLS,  GLS 

and  fixed  effects  will  be  consistent,  but  GLS  is  efficient. 

¥e  can  test  the  validity  of  (5)  by  performing  a  specification  test  as 

suggested  by  Hausman  (1978)  and  Hausman  and  Taylor  (1981)  for  the  three 

variants  of  equation  (l)  specified  in  the  following  section.  If  each  case  we 

can  reject  the  null  hypothesis  that  E(v.|x)  =  0  at  the  .1   level.   This 

cautious  rejection  and  our  interest  in  analyzing  the  estimates  of  the  v.  in 

future  work  leads  us  to  use  a  fixed  effects  estimation  approach  on  the  v.  for 

all  of  the  equations  reported  below.  This  yields  a  set  of  estimated  dummy 

variables  for  each  AE.  Rather  than  reporting  all  of  them,  we  report  the  mean 

value  for  each  of  the  equations  estimated  and  defer  further  analysis  of  these 
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AE  effects  to  another  paper. 

The  Data 

The  sources  of  the  data  and  the  construction  of  each  variable  are 
discussed  in  the  Appendix,  but  a  few  comments  are  in  order  here  to  help 
interpret  some  of  the  results.  The  sample  used  to  estimate  the  construction 
cost  equations  includes  411  coal  units  or  about  95^  of  all  units  greater 
than  100  Mwe,  designed  to  bum  coal  and  which  began  operating  between  I960 
and  1980.  The  coal  ttnits  missing  from  our  sample  were  excluded  because  of 
missing  data,  usually  missing  construction  cost  data.  The  units  in  the  sample 
fall  into  the  following  steam  pressure  classes: 

Pressure  Class  #  of  Units 

(psi) 

1 800  82 

2000  22 

2400  1 97 

3500  VW 

411 
As  we  discussed  above,  we  attempt  to  identify  the  two  primary  generic 
investments  required  to  meet  air  and  water  pollution  regulations;  scrubbers 
and  cooling  towers.  We  account  for  a  scrubber  only  if  it  was  built  along  with 
the  rest  of  the  plant  to  make  it  consistent  with  our  construction  cost 
figures.  We  do  not  count  retrofits  since  their  costs  would  not  appear  in  our 
construction  cost  figures.  Our  sample  consists  of  36  units  with  scrubbers. 
This  represents  about  40^  of  all  scrubbers  excluding  retrofits  installed  thru 
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mid  1983  and  about  15%   of  all  units  built  with  scrubbers  during  our  sample 
period.  Many  of  the  scrubbers  in  operation  by  1985  (about  100  including 
retrofits  as  of  mid-1983)  came  on  line  after  the  last  year  for  which  we  have 
cost  data  ( 1980). The  estimates  of  the  incremental  construction  costs 
associated  with  scrubbers  therefore  reflect  only  the  earliest  experience  with 
scrubber  technology.  Furthermore,  several  of  the  units  installed  during  this 
time  satisfy  less  stringent  percent  removal  requirements  than  is  presently 
required  for  new  sources.  The  estimated  impact  of  the  installation  of 
scrubbers  on  costs  is  likely  to  underestimate  the  costs  of  meeting  current 
sulfur  removal  requirements  with  scrubbers.  Obviously,  the  estimates  provide 
no  information  on  the  costs  of  retrofits  which  would  be  required  by  some 
pending  acid  rain  legislation. 

As  we  discussed  above,  the  costs  of  meeting  tightened  restrictions  on 
cooling  water  intake  and  discharge  are  very  difficult  to  capture  in  any 
systematic  way.  The  costs  of  economically  meeting  these  regulations  tend  to 
be  site  specific,  reflecting  such  factors  as  cooling  water  source 
characteristics,  the  location  of  the  plant  relative  to  the  cooling  source, 
the  availability  of  land  to  make  use  of  ponds  and  lakes  for  cooling.  It  is 
also  difficult  to  distinguish  cooling  towers  that  were  built  with  the  unit 
and  those  that  were  added  after  the  unit  was  placed  in  operation.  Our  dummy 
variable  for  cooling  towers  can  be  expected  to  capture  the  costs  of  tightened 
cooling  water  regulations  only  very  roughly.  Some  of  the  impact  of  these 
diverse  regulations  is  likely  to  be  captured  in  the  time  effects  we  estimate. 

Measuring  experience  turned  out  to  be  a  very  time  consuming  process. 
Although  our  primary  sample  period  for  construction  costs  covers  the  period 
I960  to  1980,  units  in  each  pressure  class  were  also  built  before  I960.  To 
construct  a  useful  measure  of  AE  and  utility  experience  we  needed  information 
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on  AE  and  utility  experience  going  further  back  in  time.  ¥e  therefore 
performed  a  census  of  all  generating  units  placed  in  operation  since  1949  and 
assembled  information  on  the  turbine  pressures,  utility  operators  and  AE's 
for  these  units  using  a  variety  of  engineering  publications  and  by  making 
telephone  calls  to  plant  operators  in  a  number  of  cases.  We  chose  1949  as  the 
cutoff  since  Bushe's  data  indicate  that  there  were  relatively  few  units  in 
the  classes  represented  in  our  primary  sample  under  construction  before 
1950  and  because  as  we  go  further  back  in  time  the  data  collection  effort 
becomes  more  and  more  difficult.  We  believe  that  we  have  an  essentially 
complete  experience  history  of  units  with  pressures  of  2000  and  above  and 
reasonably  complete  history  for  the  1800  psi  group. 

Bnpirical  Results 

We  report  and  discuss  the  econometric  results  in  this  section.  In  the 
next  section  we  examine  the  quantitative  effects  of  size,  thermodynamic 
efficiency  (steam  pressure),  environmental  regulation,  learning-by-doing  and 
residual  productivity  changes  on  construction  costs. 

We  first  examine  a  "naive"  specification  which  implicitly  assumes  that 
generating  technology  is  homogeneous;  i.e.  it  ignores  differences  in  design 
thermal  efficiencies.  This  assumption  is  frequently  made  (implicitly  or 
explicitly)  in  the  analysis  of  fossil  plant  costs  (see  Wills  for  example). 
The  experience  variables  used  in  this  equation  reflect  this  homogeneity 
assumption.  We  then  present  two  sets  of  results  which  explicitly  allow  for 
heterogenous  technology.  In  the  first  of  these  we  allow  the  level  of  costs 
and  the  scale  effects  to  vary  across  technological  groups.  In  the  second  we 
allow  learning  effects  to  vary  across  technological  groups  as  well.  In  both 
cases  we  measure  experience  within  each  technological  class.  These  results 
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allow  us  to  test  for  homogeneity  and  to  determine  the  sensitivity  of  the 
construction  cost  function  coefficients  to  this  assumption. 

1 .  Homogeneous  Technology 

The  simplest  specification  of  the  model  ignores  the  likely  differences  in 
technology  and  treats  all  coal  units  as  drawn  from  a  homogeneous  technology 
to  estimate  static  scale  economies,  the  costs  of  environmental  effects,  first 
unit  control  equipment,  experience  effects  and  time  effects.  This  involves 
estimating  equation  (1)  constraining  the  scale  term  and  intercept  to  be  the 
same  across  technologies.  This  specification  requires  implicitly  that  we 
measure  experience  for  AE's  and  utilities  in  terms  of  total  coal  unit 
experience  rather  than  technology  specific  experience.  The  coefficient 

estimates  and  standard  errors  for  this  specification  using  the  log  of 

47 
cumulative  experience  as  the  experience  measure  are  reported  in  Table  3.   We 

will  discuss  the  pattern  of  the  residual  time  effects,  as  measured  by  the 

coefficients  of  the  dummy  variables  denoting  the  operating  year  of  the  units, 

in  the  next  section.  ¥e  report  the  coefficient  of  the  time  dummy  variable  for 

1970  in  all  of  the  equations  in  this  section. 

We  obtain  a  very  precise  estimate  of  the  scale  coefficient  equal  to 

-0.1 83.  This  is  quite  close  to  the  value  Zimmerman  found  for  nuclear  plants, 

except  our  estimate  is  much  more  precise  than  is  his.  It  is  somewhat  smaller 

than  the  -0.23  coefficient  suggested  by  an  engineering  calculation  mentioned 

above.  We  get  a  very  large  and  precise  estimate  for  what  we  call  the  first 

unit  effect.  It  implies  that  first  units  have  accounting  costs  that  are  25  % 

higher  than  follow-on  units.  As  noted  above  we  believe  that  this  is  an 

accounting  effect  rather  than  a  real  economic  effect.  Regional  wage 

differences  do  account  for  some  of  the  observed  cost  differences.  At  the 


Table  5 


Begression  Besolts:  Homogeneous  TechnologT' 


Variable 

Coefficient 

Standard  Error 

LSIZE 

-0.185 

0.0325 

RWAGE 

0.0305 

0.0127 

FIRST 

0.217 

0.0254 

UNCONV 

-0.044 

0.0283 

SCRUBBER 

0.137 

0.0450 

COOLTWR 

0.033 

0.028 

EXPERAE  (log) 

-0.0058 

0.0425 

EXPERU  (log) 

-0.0010 

0.0176 

T  (1970) 

-0.422 

0.0764 

A  (mean) 

7.0453 

- 

r2  = 

R  (within  group)  =0.56 


0.65 


Table  4 


Begression  Besolts:  Heterogeneous  Technology 


Equation  A 


Equation  B 


Variable    C 

ioefficient 

Standard  Error 

Coefficient 

Standard  Error 

LSIZE(1800) 

-0.150 

0.731 

-0.164 

0.0723 

LSIZE (2000) 

0.070 

0.125 

0.071 

0.124 

LSIZE(2400) 

-0.135 

0.050 

-0.151 

0.048 

LSIZE(3500) 

-0.452 

0.076 

-0.454 

0.076 

RWAGE 

0.035 

0.0126 

0.036 

0.0126 

FIRST 

0.220 

0.0253 

0.220 

0.0254 

UNCONV 

-0.0302 

0.0278 

-0.033 

0.0277 

SCRUBBER 

0.149 

0.0443 

0.147 

0.0440 

COOLTWR 

0.0536 

0.0284 

0.0530 

0.0283 

EXPERAE(log) 

-0.0251 

0.019 

_ 

_ 

EXPERU  (log) 

-0.0133 

0.0175 

- 

- 

EXPERAE  (1/1  + 

e)   - 

- 

0.088 

0.048 

EXPERU  (1/1+6 

0   - 

- 

0.004 

0.045 

T(1970) 

-0.423 

0.710 

-0.421 

0.694 

A(2000) 

-1  . 1 78 

0.7S5 

-1.260 

0.758 

A(2400) 

-0.113 

0.403 

-0.103 

0.402 

A(3500) 

1.879 

0.565 

-1  .810 

0.565 

A(mean) 

6.793 

- 

6.878 

- 

r2  = 

»     0 

.68 

0. 

.68 

R2( within  grc 

lup)   =    0 

.60 

0. 

,60 

*  All  equations  are  estimated  with  separate  intercepts  for  each  AE  as 
discussed  in  the  text.  We  report  both  the  conventional  R  and  a  "within 
group"  R  which  measures  the  proportion  of  the  variation  within  AE  groups 
explained  by  the  model. 
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mean  wage  rate,  the  elasticity  of  construction  costs  with  respect  to  the  wage 
rate  is  about  0.35-   As  we  expected,  the  use  of  outdoor  construction  reduces 
costs,  although  the  effect  is  fairly  small  and  is  not  estimated  very 
precisely.  Scrubbers  add  about  ^5%   to  the  cost  of  the  plant  at  the  means  of 
the  independent  variables  and  the  effect  is  statistically  significant. 
Cooling  towers  have  a  surprisingly  small  estimated  effect  on  costs  and  the 
coefficient  is  not  estimated  very  precisely.  As  we  suggested  above,  this 
probably  reflects  the  difficulty  in  measuring  cooling  water  control 
opportunities  and  responses  in  more  than  a  very  rough  way. 

It  is  interesting  to  note  that  with  this  specification  we  can  identify  no 
significant  learning  effects  associated  either  with  architect  engineers  or 
utilities.  The  coefficients  have  the  right  sign,  but  they  are  small  in 
magnitude  and  have  standard  errors  about  ten  times  larger  than  the 

coefficient  estimates.   Using  Zimmerman's  functional  form  for  experience  does 
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not  improve  the  results    .  Either  there  are  no  learning  effects  present  at 

the  construction  level,  or  they  are  being  missed  as  a  consequence  of  the 

treatment  of  the  different  technologies  as  homogeneous  and  the  symmetrical 

measurement  of  experience  as  all  coal  experience  rather  than  technology 

specific  experience. 

2.  Heterogeneous  Technology  with  Equal  Learning  Coefficients 

We  next  estimate  our  model  allowing  for  differences  in  the  level  of 
costs  and  the  extent  of  scale  economies  across  technological  groups  but  with 
learning  coefficients  constrained  to  be  the  same  across  groups.  AE  experience 
is  now  measured  by  experience  within  each  group.  We  experimented  with 
measuring  utility  experience  in  the  same  way,  but  generally  find  that  total 
utility  coal  experiecne  gives  more  precise  results  than  does  utility 
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experience  within  individual  technological  groups.  To  the  extent  that  utility- 
experience  has  any  independent  effects,  it  appears  to  he  total  utility 
experience  rather  than  utility  experience  within  a  particular  technological 
class.  ¥e  report  results  in  Table  4  with  experience  measured  both  as  the  log 
of  cumulative  experience  and  as  1/(1  +  experience). 

There  are  several  major  differences  between  these  results  and  the 
previous  "homogeneous  technology"  results.  First,  there  are  significant 
differences  between  the  level  of  costs  and  estimated  scale  effects  exhibited 
by  supercritical  units  compared  to  subcritical  units.  Supercritical  units 
exhibit  much  larger  scale  economies  than  do  subcritical  units  and  have  a  much 
larger  intercept  term.  We  can  reject  the  null  hypotheses  that  the  intercept 

and  scale  terms  for  subcritical  and  supercritical  units  are  the  same  at  the 
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1%  level.    The  implied  construction  cost  economies  of  scale  for 

supercritical  units  is,  however,  much  larger  than  we  expected. 

Subcritical  units  in  the  1800  and  2400  psi  classes  have  very  similar 

cost  characteristics.  In  this  specification  the  difference  in  scale 

coefficient  and  intercept  for  subcritical  units  with  different  steam  pressure 
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characteristics  is  not  significant  at  the  5^  level.   The  only  anomoly  we 

observe  is  that  for  the  units  in  the  2000  psi  class,  we  find  no  scale 
economies  at  all.  Since  we  have  observations  on  only  22  units  in  this  class 
it  is  conceivable  that  this  result  is  merely  a  consequence  of  the  small 
sample  we  have.  Furthermore,  as  we  noted  above,  we  were  unsure  how  to  treat 
this  group.  Few  units  were  built  in  this  class  and  it  may  be  appropriate  to 
think  of  them  either  as  part  of  the  1800  class  or  as  a  transition  technology 
that  was  not  very  successful. 

Overall,  it  is  clear  that  there  are  fairly  large  and  generally  quite 
significant  scale  economies  in  construction  costs  for  the  sample  as  a  whole 
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and  for  the  three  pressure  groups  that  comprise  95^  of  the  observations  in 
the  sample.  ¥e  will  defer  further  discussion  of  relative  costs  of  different 
technologies  and  how  they  vary  with  size  until  we  have  presented  the 
remaining  econometric  results  . 

The  second  difference  that  we  observe  is  that  we  get  better  results  for 
the  new  experience  variables  in  the  context  of  a  model  that  allows  for 
differences  in  costs  across  technologies.  They  both  have  the  correct  signs 
and  are  larger  in  absolute  value  than  in  the  homogeneous  specification.  The 
AE  experience  variable  is  both  larger  and  more  precisely  estimated  (although 
not  very  precisely)  in  this  specification.  It  appears  that  the  identification 
of  experience  effects  is  sensitive  to  the  specification  and  measurement  of 
technology  and  associated  experience  effects.  We  should  note  that  we  have 
also  tried  total  AE  coal  experience  in  place  of  and  in  addition  to  technology 
specific  AE  coal  experience.  The  two  measures  are  highly  correlated  with  one 
another.  Technology  specific  AE  experience  always  yields  more  precise  results 
and  using  both  does  not  increase  significantly  the  explained  variance. 

The  equation  estimated  using  Zimmerman's  specification  of  experience  is 
essentially  identical  to  the  one  using  the  more  conventional  specification 
(note  that  the  nature  of  the  functional  form  used  here  implies  a  positive 
rather  than  a  negative  coefficient  for  the  experience  variable).  Technology 
specific  AE  experience  has  the  correct  sign  and  is  estimated  more  precisely 
than  in  the  logarithmic  specification.  Utility  experience  has  the  right  sign 
but  is  estimated  with  a  large  standard  error  and  is  even  more  imprecise  than 
in  the  previous  equation. 

In  each  equation  we  can  easily  reject  the  null  hypothesis  that  the  coal 
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units  as  a  group  are  drawn  from  a  homogeneous  technology  at  the  ]%   level. 

Clearly,  distinguishing  between  technological  groups  in  this  way  is  important 
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for  evaluating  scale  economies  and  learning  effects  associated  with 
construction  costs.  The  estimated  values  of  the  other  Coefficients  of  the 
model  (including  the  pattern  of  time  effects  which  we  discuss  in  more  detail 
in  the  next  section)  are  not  affected  much  as  a  consequence  of  this  change  in 
specification. 

3.  Heterogenous  Technology  with  Variable  Learning  Effects 

Finally,  we  report  results  for  equation  (I )  in  which  we  allow  the  AE  and 
utility  learning  effects  to  vary  across  technological  groups.  We  also  report 
results  which  include  a  variable  that  measures  "industry  learning"  effects. 
These  results  are  reported  in  Tables  5  and  6. 

The  change  in  specification  has  some  effect  on  both  the  scale 
coefficients  and  the  experience  coefficients  compared  to  the  results  reported 
in  Table  4.  The  scale  coefficients  for  subcritical  units  move  around  a  bit. 
The  coefficient  for  1800  psi  units  increases  and  the  scale  coefficient  for 
2400  units  decreases.  ¥e  can  now  reject  equality  of  the  intercept  and  scale 
coefficients  across  the  subgroups  of  the  subcritical  class  at  the  5^  level, 
but  not  at  the  ^%   level.   Supercritical  units  continue  to  exhibit  much 
larger  scale  economies  than  subcritical  units,  although  the  size  of  this 
coefficient  is  now  smaller  and  more  plausible.  ¥e  continue  to  easily  reject 
homogeneity  across  subcritical  and  supercritical  technology  at  the  ^%   level. 

This  specification  also  yields  interesting  results  for  the  estimated 
experience  effects.  These  effects  appear  to  be  associated  primarily  with  the 
supercritical  technology,  as  we  suggested  above  might  be  the  case,  and 
utility  experience  effects  generally  now  appear  to  be  more  important  than 

they  were  when  we  forced  all  of  the  technological  groups  to  have  the  same 
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experience  coefficients.   The  one  anomoly  here  is  the  incorrect  sign  and 


Table  5 
Begression  Results:  Heterogeneous  Technology/Unconstrained  Learning 


EQUATION  A 

EQUATION  B 

Variable     C 

oefficient 

Standard  Error 

Coefficient 

Standard  Error 

LSIZE(1800) 

-0.220 

0.0746 

-0.216 

0.0730 

LSI ZE( 2000) 

0.161 

0.138 

0.127 

0.144 

LSIZE(2400) 

-0.128 

0.050 

-0.149 

0.0477 

LSIZE(3500) 

-0.347 

0.0844 

-0.366 

0.0791 

RWAGE 

0.037 

0.012 

0.035 

0.012 

FIRST 

0.224 

0.0249 

0.222 

0.0252 

UNCORV 

-0.040 

0.028 

-0.485 

0.0277 

SCRUBBER 

0.130 

0.0435 

0.137 

0.0439 

COOLTWR 

0.0583 

0.0281 

0.0532 

0.0279 

(log 

exp) 

'  (1/1 

+exp) 

EXPERAE(1800) 

0.0070 

0.030 

0.0273 

0.0857 

EXPERAE(2000) 

-0.036 

0.051 

0.0635 

0.147 

EXPERAE(2400) 

-0.0153 

0.0236 

0.0251 

0.0677 

EXPERAE(3500) 

-0.0954 

0.0322 

0.266 

0.0770 

EXPERU  (1800) 

0.0731 

0.0299 

-0.179 

0.0680 

EXPERU  (2000) 

-0.0825 

0.050 

0.205 

0.180 

EXPERU  (2400) 

-0.0334 

0.021 

0.0794 

0.06'S7 

EXPERU  (3500) 

-0.0645 

0.027 

0.239 

0.0944 

T  (1970) 

-0.400 

0.0710 

-0.387 

0.069 

A (2000) 

-1 .783 

0.788 

-2.001 

0.917 

A(2400) 

-0.366 

0.404 

-0.492 

0.427 

A(3500) 

1.154 

0.595 

0.735 

0.616 

A  (mean) 

7.080 

- 

7.241 

- 

4- 

0. 

.70 

0. 
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R  (within  group) =      0. 

,62 

0. 

.62 

Table  6 

Begression  Besults:  Heterogeneous  Technology 

Variable 

Coefficient 

Standard  Error 

LSIZE(1800) 

-0.230 

0.0741 

LSI ZE( 2000) 

0.102 

0.146 

LSIZE(2400) 

-0.157 

0.0482 

LSIZE(3500) 

-0.325 

0.0864 

RWAGE 

0.033 

0.0126 

FIRST 

0.222 

0.0439 

UNCONV 

-0.04P 

0.0277 

SCRUBBER 

0.135 

0.0439 

COOLTWR 

0.0541 

0.027P 

(1/1+exp) 

EXPERAE(1800) 

0.0312 

0.0857 

EXPERAE(2000) 

0.0588 

0.147 

EXPERAE(2400) 

0.0298 

0.0678 

EXPERAE(3500) 

0.233 

0.082 

EXPERU(1800) 

-0.183 

0.068 

EXPERU(2000) 

0.171 

0.182 

EXPERU(2400) 

0.0723 

0.0659 

EXPERU(3500) 

0.247 

0.0946 

EXPERIND 

0.555 

0.480 

T  (1970) 

-0.400 

0.069 

A(2000) 

-1  .920 

0.919 

A (2400) 

-0.523 

0.428 

A(3500) 

0.387 

0.685 

A  (mean) 

7.346 

- 

R2  =  0.70 

R  (within  group) 

=  0.62 
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statistical  significance  of  utility  experience  for  the  1800  psi  class.  We 
see  no  obvious  explanation  for  this  result. 

The  estimated  industry  experience  effect  has  the  correct  sign,  although 
it  is  not  estimated  particularly  precisely. 

Coaparative  Construction  Cost  Eelationships 

In  this  section  we  use  the  econometric  results  reported  above  to 
quantify  the  factors  that  affect  coal  unit  construction  costs  within  and 
across  technological  groups  and  compare  these  results  with  available 
engineering  estimates  as  well  as  "conventional  wisdom." 

a.  Effects  of  Unit  Size  on  Construction  Costs 

Table  7  presents  representative  estimates  of  the  average  real  cost  per  Kw 
at  different  scales  evaluated  at  the  means  of  the  independent  variables  for 
each  of  three  pressure  classes  (we  have  dropped  the  2000  psi  class  from 
further  discussion).  This  allows  us  to  compare  average  construction  costs  of 
the  different  technologies  at  different  generating  unit  capacities.  The 
numbers  presented  in  the  table  are  average  costs  in  1980  dollars  given  cost 
conditions  in  1970  net  of  standardized  interest  during  construction  for  an 
average  AE.  The  range  of  cost  estimates  reported  in  each  case  covers  only  the 
range  of  scales  at  which  each  technology  was  actually  constructed  and  a  * 

appears  next  to  the  size  that  is  closest  to  the  mean  size  of  the  units  in  the 
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sample   .  We  have  used         equation  B  in  Table  5  above  to  compute  these 

values,  but  obtain  similar  results  using  any  of  the  equations  reported  in 

tables  4,  5  and  6. 

We  first  compare  the  1800  psi  class  with  the  2400  psi  class.  At  unit 

sizes  of  200  Mwe  or  less,  the  1800  psi  units  are  3%   to  8^  more  expensive  than 


Table  7 

Relationship  Between  Unit  Cost  and  Scale  For  Different  Technologies 

($1980/Kw  excluding  IDC  given  1970  cost/productivity  conditions) 


Steam  Pressure  Class 


1800  2400  3500 
Size( Mwe ) 

100  $500  465 

200  451*  419 

300  395  395  440 

400  371  378*  396 

500  354  366  365 

600  340  354  342 

700  -  348  323* 

800  -  341  308 

900  -           -  295 

1000  -            -  283 


Calculated  from  Equation  B,  Table  5  at  the  means  of  the  other  independent 
variables.  A  *  denotes  the  entry  closest  to  the  mean  size  for  each  group. 


35 
2400  psi  units.  At  scales  between  200  and  400  Mwe  the  two  groups  have  about 
the  same  construction  costs.  At  scales  above  400  Mwe,  2400  psi  units  are 
slightly  more  costly  than  1800  psi  units,  although  only  two  1800  psi  units 
greater  than  400Mwe  appear  in  the  sample.  Despite  the  increase  in  theoretical 
thermal  efficiency  associated  with  2400  psi  units,  we  observe  little 
difference  in  construction  costs  between  these  units  at  1800  psi  units. 
Indeed  at  small  scales  2400  psi  units  appear  to  be  less  expensive. 

While  we  expected  to  observe  only  small  differences  in  construction 
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costs  between  1800  and  2400  psi  units   ,  to  the  extent  that  there  are 

differences,  other  things  equal,  they  should  be  reflected  in  higher  materials 

costs  for  the  2400  psi  units.  The  construction  of  new  1800  psi  units  had 

declined  to  a  trickle  by  1970,  suggesting  that  higher  pressure  technologies 

had  become  dominant  by  then  in  terms  of  the  total  costs  of  generating 

electricity.  However,  a  few  of  these  units,  usually  at  relatively  small 

scale,  continued  to  be  built  during  the  1970's.  Some  of  these  small  1800  psi 

units  are  among  the  most  expensive  (per  Kw)  in  the  entire  sample.  The  slighly 

higher  costs  for  small  1800  psi  units  in  the  regression  equations  may  reflect 

the  high  costs  of  these  later  units.  These  high  costs  may  in  turn  reflect 

efforts  by  a  few  utilities  to  replicate  old  technology  at  a  period  of  time 

when  the  equipment  and  construction  industry  is  no  longer  geared  up  to  supply 

the  associated  components  as  economically  as  when  they  are  produced  in  larger 

quantities.  The  continued  construction  of  these  units  may  reflect  the  failure 

of  a  few  utilities  to  minimize  costs. 

We  have  no  observations  on  supercritical  units  smaller  than  300  Mwe, 

since  none  were  built  during  the  sample  period.  At  300  Mwe  supercritical 

units  are  over  ^0%   more  expensive  than  subscritical  units.  However,  the 

construction  cost  functions  cross  at  about  500  Mwe,  where  the  average  cost  of 
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supercritical  units  falls  iDelow  that  of  2400  psi  units,  their  major 
competitor  during  the  1970's.  The  point  at  which  these  curves  cross  is  a  bit 

sensitive  to  the  particular  specification  we  choose,  but  it  always  occurs 
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between  500  and  600  Mwe.   At  700  Mwe  supercritical  units  are  about  1%   less 

expensive  per  kw  than  2400  psi  units. 

¥e  will  briefly  discuss  considerations  of  choice  among  technologies  based 
on  total  costs  in  the  next  section.  We  want  to  note  here  that  the  size 
distribution  of  units  in  the  2400  and  3500  psi  groups  are  roughly  consistent 
with  the  pattern  of  estimated  construction  costs  at  different  scales.  On 
average  supercritical  units  are  about  60^  larger  than  the  2400  psi  units  that 
were  built.  At  the  average  scale  of  2400  psi  units  (445  MWe)  they  are  cheaper 
to  build  than  supercritical  units  and  at  the  average  scale  of  supercritical 
units  (725MWe)  they  are  less  expensive  than  2400  psi  units. 

In  all  cases,  it  should  be  clear  that  as  we  increase  the  scale  of  coal 
units,  average  construction  costs  decline.  We  have  no  explanation  for  why  our 
results  are  so  different  from  those  reported  by  Wills. 

b.  Experience  Effects 

As  we  discussed  above,  we  are  able  to  identify  experience  effects  that 
are  statistically  significant  associated  primarily  with  supercritical  units 
although  we  find  some  evidence  of  AE  and  utility  experience  effects  in  almost 
cases.  This  is  perhaps  to  be  expected.  Our  sample  of  construction  costs 
begins  in  1960.  By  this  time  there  had  already  been  extensive  experience  with 
subcritical  units  in  the  1800  to  2400  psi  range  and  these  units  are  much 
closer  to  one  another  technologically  than  they  are  as  a  group  to  the 
supercritical  units.  Supercritical  units  did  not  begin  to  appear  in  large 
numbers  until  the  1960's.  We  find  evidence  of  both  AE  experience  effects  and 


Table  8 

AE  and  Utility  Experience  Effects  For  Supercritical  Units 

(cost  per  KW  with  experience/cost  without  any  experience) 


Experience  Variable       At  Mean  Experience  At  Max  Experience 

Equation  A,  Tahle  4 
(log  experience) 

EXPERAE  0.R8  0.77 

EXPERU  0.86  0.77 

Equation  B,  Table  4 
(1 /1 +experience) 

EXPERAE  0.85  0.78 

EXPERU  0.82  0.79 

Calculated  from  Table  5 • 
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utility  experience  effects  which  suggests  that  utility  construction 

57 
experience  has  an  important  incremental  effect  on  construction  costs. 

Despite  the  tendency  to  contract  out  for  engineering,  design  and  construction 
management  services,  a  utility  that  has  been  involved  in  a  larger  number  of 
these  projects  is  likely  to  be  better  able  to  control  the  behavior  of  its 
agents  and  keep  costs       lower  than  a  utility  that  has  built  a  smaller 
number  of  units. 

The  estimated  experience  effects  for  supercritical  units  are  fairly 
large.  In  Table  8  we  compare  the  costs  for  a  unit  for  which  there  is  no 
previous  experience  with  the  costs  at  the  means  of  the  experience  variables 
and  those  at  the  maximum  values  of  the  experience  variables  in  the  sample.  At 
the  means  of  the  experience  variables  there  is  a  cost  reduction  of  about  15^ 
for  both  the  AE  and  utility  experience  variables.  At  the  maximum  values  costs 
are  reduced  by  a  little  more  than  20^  each.  There  is  little  quantitative 
difference  between  the  two  different  functional  forms  for  experience  in  this 
range . 

c.  Environmental  Control  Technology 

The  estimates  indicate  that  on  average  scrubbers  (15^)  and  cooling 
towers  (6^)  have  added  about  20^  to  the  construction  costs  of  coal  units. 
Given  1980  cost  conditions  the  presence  of  a  scrubber  and  a  cooling  tower 
increases  construction  costs  by  about  $110  per  Kw  for  a  500  Mwe  2400  psi 
unit,  of  which  about  $80/Kw  is  for  scrubbers  and  about  $50  is  for  cooling 
towers.  These  costs  may  be  somewhat  low  compared  to  the  costs  of  meeting 
current  air  and  water  pollution  regulations  and  do  not  represent  an  estimate 
of  the  capital  costs  of  all  environmental  control  equipment,  much  of  which  we 
cannot  measure  directly.  However,  our  estimates,  especially  for  scrubbers. 
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are  not  likely  to  be  terribly  far  off.  Engineers  we  have  spoken  to  estimate 

that  air  and  water  pollution  control  equipment  has  added  20  to  30/?  to  the 
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cost  of  a  typical  coal  unit   .  A  recent  engineering  cost  study  used  an 

average  scrubber  cost  figure  of  slightly  less  than  ^5%   of  the  total  cost  of 
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the  plant   .  The  scrubber  cost  estimates  estimates  are  also  consistent  with 

survey  evidence  on  actual  construction  cost  experience 


d.  Productivity  Changes/Time  Effects 

One  of  the  most  striking  things  we  discovered  in  analyzing  the 
construction  cost  data  is  the  pattern  of  costs  over  time  after  controlling 
for  scale  effects,  technological  differences,  input  price  changes,  major 
environmental  control  technology  and  other  cross-sectional  differences  in 
real  costs.  ¥e  have  introduced  time  effects  in  a  very  flexible  way,  to  pick 
up  residual  effects  of  technological  change,  construction  productivity 
increases  or  decreases  and  unmeasured  regulatory  costs,  including  the  cost  of 
increased  construction  times.  No  matter  how  you  slice  the  sample  or  specify 

relationships  based  on  equation  (1),  the  resulting  pattern  of  real  costs  over 
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time,  net  of  input  price  changes,  is  the  same    .  Real  costs  per  Kw  decline 

during  the  early  and  mid  1960's,  level  out  in  the  late  1960's  and  then  climb 

during  the  1970's  to  a  level  that  by  1980  is  substantialy  higher  than  the 

level  in  I960.   In  Figure  1  we  have  constructed  a  cost  index  for  an  average 

500  Mwe  2400  psi  unit  with  $1980  =  1.0,  based  on  the  estimated  time  effects 

associated  with  equation  (B)  in  Table  5»  In  Table  9  we  report  the  coefficient 

of  the  time  dummies  that  were  estimated  in  equation  (B)  in  Table  5'  The 

pattern  that  emerges  is  quite  typical  of  all  of  the  specifications  reported  . 

We  did  not  find  this  general  pattern  of  residual  cost  changes  to  be 

particularly  surprising.  The  conventional  wisdom  within  the  industry  is  that 
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Table  9 

Sstimates  of  Coefficients  of  Time  Dunii^  Variables 

(Equation  B,  Table  5,  1980  =  O) 


Year 

Coefficient 

Standard  Errors 

1960 

-0.3698 

0.08115 

1961 

-0.4256 

0.08555 

1962 

-0.4526 

0.08352 

1963 

-0.4989 

0.08577 

1964 

-0.6343 

0.07839 

1965 

-0.5483 

0.07824 

1966 

-0.6255 

0.08661 

1967 

-0.6075 

0.07569 

1968 

-0.5643 

0.07125 

1969 

-0.4472 

0.06955 

1970 

-0.3871 

0.06902 

1971 

-0.4575 

0.06848 

1972 

-0.2421 

0.06672 

1973 

-0.2513 

0.06625 

1974 

-0.1757 

0.06930 

1975 

-0.1774 

0.06933 

1976 

-0.0174 

0.06873 

1977 

-0.0474 

0.06479 

1978 

-0.0651 

0.06412 

1979 

-0.0123 

0.07031 

1980 

0 

- 
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real  costs  have  increased  since  1 970  due  to  increased  environmental 
requirements,  longer  construction  periods  and  general  declines  in 
construction  productivity,  reversing  a  long  historical  trend  of  declining 
unit  construction  costs.  We  were  surprised  by  two  things.  First,  we  expected 
to  see  the  major  increases  appear  later  in  the  period  reflecting  new  plants 
coming  on  line  with  state  of  the  art  environmental  control  equipment 
reflecting  regulations  introduced  in  the  1970's.  However,  costs  are  clearly 
beginning  to  increase  by  the  late  1960's  .  This  is  much  too  early  to  blame 
the  cost  increases  entirely  on  unmeasured  environmental  equipment  costs 
(recall  that  these  time  effects  are  net  of  scrubber  and  cooling  tower  costs) 
which  should  not  be  observed  in  new  units  until  the  early  1970's.  Some  of  the 
observed  cost  increase  may  reflect  indirect  effects  of  tightened 
environmental  restrictions,  broadly  defined  to  include  state  and  local  siting 
and  permitting  regulations,  that  appear  as  increased  construction  times  and 
thus  higher  residual  IDC  costs  .  However,  the  cost  increases  appear  to  at 
least  partially  reflect  a  general  decline  in  construction  productivity  in 

this  industry,  independent  of  the  costs  of  adding  new  environmental  control 
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equipment. 

The  second  surprise  is  the  magnitude  of  the  estimated  cost  increases 

from  trough  to  peak.  ¥e  had  anticipated  that  a  large  part  of  the  conventional 

wisdom  regarding  increased  construction  costs  represented  a  combination  of 

"inflation  illusion"  and  "technology  illusion."  Cost  comparisons  are  often 

made  by  commentators  on  the  industry  using  nominal  dollars  and  without 

correcting  for  changes  in  interest  rates  over  time   .  Differences  in 

generating  technology,  scrubber  and  cooling  tower  costs  are  not  specifically 

taken  into  account.  We  had  expected  that  after  accounting  for  input  price 

changes  and  the  technological  characteristics  of  the  units  that  we  would  find 
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a  relatively  small  increase  in  residual  costs  reflecting  unmeasured 
environmental  control  equipment,  construction  delays  and  perhaps  some  general 
decline  in  construction  productivity.  However,  the  increase  in  residual  cost 
from  the  late  1960's  to  the  late  1970's  is  about  80^  .  Adding  the  costs  of 
scrubbers  and  cooling  towers  brings  it  to  about  100/S.  This  is  of  course 
completely  consistent  with  what  has  happened  to  nuclear  plant  costs  between 

the  late  1960's  and  late  1970's,  indeed  the  average  annual  rate  of  growth  is 
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only  about  half  of  that  for  nuclear  plant  costs.   These  results  suggest  to 

us  that  there  is  something  going  on  in  the  construction  of  central  station 

power  plants  generally  that  has  led  to  dramatic  declines  in  productivity. 

Perhaps  these  cost  patterns  can  be  tied  in  some  indirect  way  to  responses  to 

changing  environmental  problems,  but  we  suspect  that  the  answer  lies  in  more 

general  problems  of  productivity  in  construction  . 

¥hat  Happened  to  Supercritical  Technology  ? 

It  is  not  our  intention  here  to  present  a  complete  evaluation  of  cost 
minimizing  choices  of  generating  technology  and  scale  based  on  total 
life-cycle  costs.  Construction  costs  play  a  pivotal  role  in  any  such 
analysis,  but  fuel  costs,  plant  reliability,  maintenance  costs  and 
replacement  power  costs  for  plants  that  are  down  for  maintenance,  as  well  as 
demand  side  considerations  must  all  be  factored  in.  ¥e  do  want  to  provide  a 
brief  discussion  of  these  issues  here  and  to  propose  some  hypotheses  to 
explain  the  unusual  pattern  of  technological  choice  since  the  mid-1 970' s.  In 
particular  we  are  interested  in  identifying  factors  that  might  help  to 

explain  why  the  most  "advanced"  technology supercritical  technology has 

been  abandoned  during  a  period  of  time  when  fuel  costs  increased  and  the 
economic  advantages  of  a  more  fuel  efficient  technology  should  have  increased 
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as  well. 

From  1950  to  about  1975  we  observe  a  gradual  movement  of  the  electric 
utility  industry  to  new  coal  installations  with  higher  steam  pressures  and 
higher  theoretical  efficiencies.  ¥e  also  observe  a  large  increase  in  the 
average  size  of  units  installed,  with  particularly  large  units  associated 
with  supercritical  technology.  Based  on  the  capital  cost  relationships  that 
we  have  identified,  this  evolution  is  not  terribly  surprising  for  cost 
minimizing  firms,  assuming  that  the  units  in  each  technological  class  achieve 
similar  levels  of  reliability  and  incur  similar  maintenance  costs. 

Since  2400  psi  units  promised  improved  thermal  efficiency  over  1800  psi 
units  at  little  if  any  increase  in  construction  cost,  other  things  equal,  we 
expect  that  the  more  fuel  efficient  technology  would  come  to  dominate. 
Similarly,  since  beyond  about  500  Mwe  supercritical  technology  is  both  less 
expensive  and  theoretically  more  fuel  efficient,  we  should  find  that 
utilities  that  can  economically  accomodate  large  units  in  their  supply  mix, 
choose  supercritical  units. 

The  persistence  of  both  2400  psi  units  and  3500  psi  units  in  the  late 
1960's  and  early  1970's  could  easily  reflect  differences  in  the  demand  for 
additional  capacity  among  utilities.  For  utilities  (or  groups  of  utilities) 
with  relatively  large  demands  for  additional  capacity,  large  supercritical 
units  could  easily  have  been  accomodated  without  incurring  the  economic  costs 
of  carrying  excess  capacity  for  long  periods  of  time.  For  utilities  with 
smaller  demands  for  new  capacity,  the  apparent  advantages  of  supercritical 
technology  at  large  scale  may  have  been  more  than  offset  by  the  costs  of 

carrying  excess  capacity  for  some  period  of  time  by  "building  ahead  of 
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demand,"  leading  them  to  choose  smaller  2400  psi  units  instead.   Since  the 

theoretical  increase  in  thermal  efficiency  between  2400  and  3500  psi  units 
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(at  1000F)  is  in  the  range  of  2%   to  ^%,  given  typical  life-cycle  capital 

and  fuel  costs,  the  theoretical  sacrifice  in  fuel  costs  for  2400  psi 
technology  is  quickly  dominated  by  capital  cost  savings  as  the  optimal  unit 
size  falls  below  500  Mwe.  Given  the  fragmented  nature  of  the  electric  utility 
industry  and  wide  variations  in  planning  demand  among  utilities  and  groups  of 
utilities,  the  simultaneous  construction  of  relatively  small  2400  psi  units 
and  relatively  large  3500  psi  units  is  therefore  not  inconsistent  with  cost 
minimization. 

But  why  has  supercritical  technology,  which  seemed  so  promising  in  the 
1960's  and  came  to  account  for  60^  of  new  capacity  by  the  mid-1 970's, 
effectively  been  abandoned  today  ?  And  why  has  the  average  size  of  new  units 
gradually  declined  since  the  mid-1 970 's  ?  ¥e  believe  that  there  are  two 
general  reasons  for  this  observed  behavior.  First,  electricity  demand 
expectations  have  declined  considerably  during  the  1970's.  In  the  early 
1970's  utilities  were  making  plans  on  the  basis  of  average  demand  growth  of 
about  Q%   per  year   .  By  the  early  1980's  this  had  dropped  to  less  than  3^ 
per  year   .  As  a  result,  "building  ahead  of  demand"  to  achieve  the 
construction  cost  economies  of  scale  and  the  increased  theoretical  thermal 
efficiency  of  large  supercritical  units  has  become  substantially  less 
attractive  to  utilities  as  the  demand  for  new  capacity  has  declined.  ¥e 

suspect  that  the  shorter  construction  times  of  smaller  units  also  provides 
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real  economic  benefits  given  the  uncertainties  over  future  demand   .  Demand 

side  considerations  no  doubt  account  for  some  of  the  movement  away  from  large 

units  and  simultaneously  a  shift  back  toward  2400  psi  units  which  are  more 

economical  at  small  scale. 

But  we  do  not  believe  that  demand  side  considerations  alone  can  explain 

recent  patterns  of  unit  additions.  ¥hile  the  average  size  of  units  has 
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declined,  and  very  large  units  (greater  than  750  Mwe)  are  rare,  there  were 
still  26  units  (24  of  which  are  suhcritical  units)  greater  than  500  Mwe 
installed  in  1981  and  1982.  The  reduction  in  average  unit  size  is  largely- 
associated  with  the  abandonment  of  supercritical  units  which  dominated  the 
larger  units  as  a  whole  during  the  1970's.  We  believe  that  in  addition  to  the 
generally  reduced  attractiveness  of  very  large  units  due  to  demand  side 
considerations,  the  decline  of  supercritical  technology  is  likely  to  be 
explained  by  supply  side  considerations  other  than  construction  costs.  In 
particular,  by  relatively  poor  reliability  and  high  maintenance  costs  of 

supercritical  units  that  were  not  expected  when  when  the  initial  commitments 
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to  supercritical  technology  were  made. 

Gordon's  (1982)  interviews  with  plant  operators  revealed  that  costly 
maintenance  problems  were  experienced  by  operators  of  state  of  the  art 
supercritical  units.  High  maintenance  costs  are  normally  associated  with  poor 
plant  reliability  as  well.  To  the  extent  that  supercritical  units  tend  to 
have  poorer  operating  availability  than  smaller  subcritical  units, 
supercritical  technology  also  requires  additional  costs  for  replacement  power 
when  that  capacity  is  not  available.  Another  way  of  saying  this  is  that  an 
effective  Kw  of  supercritical  capacity  costs  a  lot  more  compared  to  the 
effective  cost  of  a  subcritical  unit  than  the  raw  construction  costs  per  kw 
of  maximum  design  capacity  suggest  if  these  units  are  not  available  to 
provide  power  for  a  larger  fraction  of  the  time  and  require  greater 
maintenance  expenditures. 

Obtaining  good  data  on  maintenance  costs  is  very  difficult  because  these 
costs  are  not  broken  down  by  generating  unit  (only  by  plant)  and  because 
capital  expenditures  to  replace  defective  equipment  (as  opposed  to 
maintenance  costs  that  are  expensed)  are  not  isolated  from  other  capital 


Table  10 
Unit  Equivalent  Availability  By  Type  and  Size  of  Units 


mean  (145  units) 

200-249  Mwe 

250-549 

350-449 

450-549 

550-649 

650-749 

750-849  -  66.5 

850+  -  65-1 

Calculated  from  raw  equivalent  availability  data  for  145  units  (1969-1977) 
applying  adjustments  for  age,  output  factor  and  variations  in  coal  quality 
using  the  procedure  described  in  Schmalensee  and  Joskow  (1984)  for  estimating 
adjusted  unit  specific  heat  rate  and  equivalent  availability  factors. 


Subcritical 

Sup 

ercritical 

80.4^ 

69.9^ 

89.7 

_ 

83-8 

- 

83.2 

74.9 

78.7 

64.1 

73.6 

75-5 

68.4 

74.6 
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expenditures.  Data  on  unit  availability  and  forced  outages  can  be  obtained 
(with  some  difficulty),  however.  Since  units  are  "unavailable"  primarily  for 
maintenance  reasons,  these  data  should  be  a  reasonably  good  indicator  of  both 
relative  maintenance  expenditures  and  replacement  power  costs  due  to  outages. 
Thus,  given  the  interview  results  reported  by  Gordon  we  would  expect  to  find 
that  supercritical  units  have  significantly  poorer  availability  than  do 
subcritical  units. 

Data  on  the  availability  of  different  types  of  units  that  we  have 
collected  in  connection  with  a  related  study  is  consistent  with  the  responses 
obtained  by  Gordon  in  his  interviews.  In  table  10  we  report  estimates  of 

average  equivalent  availability  for  subcritical  and  supercritical  units  by 
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size  for  a  sample  of  145  coal  units  without  scrubbers.   These  estimates 

incorporate  adjustments  for  differences  in  unit  age,  cycling  characteristics 
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and  coal  characteristics.   On  average  supercritical  units  have  much  lower 

availabilities  than  subcritical  units.  Especially  poor  performance  is 

exhibited  by  the  larger  supercritical  units,  although  large  units  generally 

have  lower  availabilities  than  small  units.  (We  want  to  note  that  there  is  a 

large  variance  in  the  performance  of  supercritical  units  regardless  of  size. 

Some  supercritical  units  have  performed  quite  well)   Furthermore,  preliminary 

analysis  of  the  actual  as  opposed  to  the  theoretical  thermal  efficiency  of 

supercritical  and  subcritical  units  suggests  that  because  of  the  poor 

availability  of  these  units,  there  is  little  realized  thermal  efficiency 
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(fuel  cost)  advantage  of  supercritical  over  subcritical  technology. 

We  are  in  the  process  of  assembling  a  more  complete  data  set  to  analyze 
these  issues  further.  At  this  point  we  want  to  suggest  that  one  likely  reason 
for  the  demise  of  supercritical  technology  is  that  the  construction  cost 
advantages  at  large  scale  and  theoretical  thermal  efficiency  advantages  of 
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supercritical  units  are  swamped  by  increased  maintenance  costs,  replacement 
power  costs  to  compensate  for  reduced  effective  capacity,  and  actual  thermal 
efficiencies  that  are  lower  than  the  theoretical  efficiencies  which  were  a 
primary  motivation  for  moving  to  this  technological  frontier  in  the  first 
place.  It  is  of  course  possible  that  design  improvements  in  supercritical 
technology  can  solve  some  of  the  problems  leading  to  poor  reliability 
(perhaps  at  increased  cost),  but  recent  utility  behavior  does  not  suggest 
that  utilities  believe  that  these  problems  have  been  solved  yet. 

Conclusions 

Our  analysis  of  the  costs  of  building  coal-burning  generating  units 
during  the  period  I960  to  1980  leads  to  the  following  conclusions: 

1 .  Contrary  to  some  previous  econometric  work  and  popular  "conventional 
wisdom"  there  are  significant  economies  of  scale  associated  with  generating 
unit  construction  costs.  The  extent  of  economies  of  scale  in  construction 
is  technology  specific,  however.  The  assumption  of  homogeneous  technology 
with  respect  to  the  level  and  scale  effects  associated  with  construction 
costs  is  rejected.  The  econometric  results  are  broadly  consistent  with  the 
assumptions  made  in  engineering  cost  calculations. 

2.  ¥e  find  significant  experience  effects  associated  primarily  with 
supercritical  technology,  which  is  the  "new"  technology  that  we  observe 
during  our  sample  period.  These  learning  effects  are  associated  with  both  AE 
experience  and  utility  experience.  The  failure  to  distinguish  between 
different  technologies  leads  to  an  underestimate  of  these  learning  effects. 
In  conjunction  with  economies  of  scale  in  construction  costs,  the  presence  of 
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learning  effects,  especially  utility  specific  learning  effects,  suggests  that 
there  are  likely  to  be  cost  advantages  for  larger  firms  that  may  not  be 
achieved  by  the  current  fragmented  nature  of  the  electric  utility  industry. 

5.  The  major  identifiable  construction  responses  to  air  and  water  pollution 
regulations  (scrubbers  and  cooling  towers)  have  added  at  least  20^  to  the 
real  construction  costs  of  coal  units. 

4.  After  accounting  for  the  primary  factors  that  are  generally  thought  to 
influence  static  construction  costs  and  after  adjusting  for  changes  in  input 
prices  we  find  a  large  pervasive  increase  in  residual  real  costs  since  the 
late  1960's.  Other  things  equal,  real  costs  have  increased  by  80^  since  the 
late  1960's.  These  cost  increases  appear  to  reflect  the  costs  of  responding 
to  environmental  regulation,  not  otherwise  accounted  for  in  the 
specification,  increased  construction  times  and  declining  construction 
productivity. 

5.  What  appeared  to  be  the  "technological  frontier"  in  the 

1960's supercritical  technology appears  to  have  been  abandoned  by  the 

early  1980's.  The  reason  for  this  is  not  unexpectedly  high  construction  costs 
per  se,  however.  The  demise  of  supercritical  technology  appears  to  reflect 
much  smaller  demands  for  new  capacity,  which  make  large  units  generally  less 
economical,  and  poor  operating  performance  and  associated  high  maintenance 
and  replacement  power  costs. 

It  is  generally  recognized  that  the  rate  of  growth  in  productivity  in  the 
electric  utility  industry  has  declined  dramatically  over  the  past  decade  or 
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so.    Since  over  30%   of  the  electricity  produced  is  generated  with  coal, 
developments  in  coal  generation  costs  and  technology  are  likely  to  explain 
much  of  the  productivity  effects  ohserved  in  more  aggregate  data.  It  is 
important  to  recognize  that  even  in  the  best  of  worlds,  the  electric  power 
sector  had  reached  a  point  of  reduced  opportunities  for  improved  thermal 
efficiency  by  the  1960's.  The  dramatic  increases  in  thermal  efficiency  that 
occured  prior  to  I960  had  largely  been  exhausted  from  a  theoretical  point  of 
view  as  steam  temperatures  leveled  off  at  1000  F  and  steam  pressures 
increased  beyond  2000  psi.  The  theoretical  improvements  in  thermal  efficiency 
associated  with  the  movement  from  2000  to  3500  psi  at  a  constant  temperature 
are  fairly  small  by  historical  standards.  The  poor  operating  performance  of 
supercritical  units,  combined  with  reductions  in  thermal  efficiency 
generally,  associated  with  scrubbers  and  the  requirement  that  utilities  burn 
low  sulfur  coal  in  boilers  not  originally  designed  to  burn  such  coal, 
probably  reduced  actual  improvements  in  thermal  efficiency  further  below  what 
were  already  relatively  small  theoretical  improvements.   Finally, 
productivity  improvements  associated  with  the  construction  of  larger 
(statically)  less  expensive  plants  were  counterbalanced  by  the  dramatic 
increase  in  real  construction  costs  that  we  observe  during  the  1970's. 
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20^  higher  than  follow-on  unit  costs.  See  Sargent  &   Lundy  (1980),  Table  1. 

31 .  Zimmerman  finds  a  large  statistically  significant  first-unit  effect  in 
his  analysis  of  nuclear  plant  costs.  Wills  does  not  account  for  this  effect 
directly,  but  does  distinguish  between  single  unit  and  multi-unit  plants. 

32.  The  construction  cost  figures  that  we  obtain  from  utility  accounting  data 
normally  include  accumulated  interest  charges  (interest  during 

construction IDC)  incurred  during  the  construction  of  the  plant.  However, 

interest  charges  are  not  reported  separately  from  ordinary  construction 
expenditures.  Other  things  equal,  IDC  charges  increase  with  nominal  interest 
rates  and  with  construction  times. 

33.  Komanoff  and  U.S.  Department  of  Energy  (1983). 

34.  In  unregulated  industries,  accounting  data  for  the  costs  of  projects  like 
a  power  plant  do  not  include  interest  charges  accumulated  during  the 
construction  period.  In  evaluating  alternative  projects,  differences  in 
construction  times,  associated  cash  flows  and  the  time  value  of  money  are  of 
course  taken  into  account  in  a  standard  discounted  cash  flow  analysis.  In 
choosing  between  two  projects  that  are  otherwise  identical  in  terms  of 
construction  outlays,  operating  costs,  output  and  expected  revenues  but 
differ  in  the  length  of  the  construction  period,  the  project  with  the  shorter 
construction  period  will  be  more  profitable  because  it  incurs  lower  carrying 
charges  during  the  shorter  construction  period,  i.e.  it  is  less  costly. 

The  opportunity  cost  of  funds  invested  in  a  project  during  the  construction 
period  is  taken  into  account  in  project  evaluation,  but  there  is  no  reason  to 
add  these  costs  to  the  direct  cost  of  the  facility  for  accounting  purposes. 
Actual  interest  costs  incurred  would  simply  be  expensed  as  they  were  paid  and 
a  firm  would  not  go  forward  with  a  project  unless  the  discounted  cash  flow 
were  positive.  In  an  industry  subject  to  cost-of-service  regulation  the 


future  revenue  stream  generated  by  a  capital  asset  (ignoring  operating  costs) 
depends  on  the  costs  incurred  in  building  and  financing  the  facility.  In 
principle,  ratemaking  procedures  are  designed  to  generate  a  stream  of 
revenues  whose  present  discounted  value  is  equal  to  the  cost  of  building  and 
financing  the  capital  facility.  However,  a  firm  regulated  in  this  way  is 
generally  not  permitted  to  make  any  charges  for  a  plant  until  it  is  completed 
and  placed  in  service.  In  order  to  recover  financing  cost  incurred  during  the 
construction  period,  these  cost  must  be  accumulated  along  with  standard 
construction  costs  and  added  to  the  rate  base  when  the  plant  enters  service. 

55-  "Powerplant  Capital  Costs — Current  Trends  and  Sensitivity  to  Economic 
Parameters,"  U.S.  Atomic  Energy  Commission,  ¥ASH-1345,  October  1974. 

35.  The  procedure  is  discussed  in  more  detail  in  the  Appendix.  To  check  the 
sensivity  of  our  estimates  to  this  procedure  we  have  estimated  all  of  the 
equations  reported  below  using  the  nominal  costs  as  well.  The  results  are 
very  similar  except,  of  course,  for  the  magnitude  and  pattern  of  the  residual 
time  effects.  When  we  use  the  nominal  costs,  the  coefficients  of  the  time 
dummy  variables  yield  a  hedonic  price  index  for  coal  generating  units. 

37. "The  Handy-Whitman  Index  of  Public  Utility  Construction  Costs,"  Bulletin 
No.  118,  July  1,  1983,  p.  ix.  Whitman,  Requardt  and  Associates,  Baltimore, 
Maryland. 

38.  Business  Roundtable  (1983) 

39*  We  have  also  estimated  these  relationships  with  a  linear  time  trend  and 
with  a  quadratic  time  variable.  As  we  shall  see,  it  is  quite  clear  that  there 
are  important  residual  time  effects  in  the  data.  These  effects  are  not  linear 
as  in  the  case  of  Zimmerman's  analysis  of  nuclear  plant  costs,  however. 
Rather,  they  are  roughly  quadratic  with  real  costs  per  unit  of  capacity, 
other  things  equal,  declining  during  the  1960's  and  increasing  during  the 
1970's.  The  use  of  a  quadratic  in  time  rather  than  year  by  year  time  dummies 
does  not  affect  the  results  in  any  important  way. 

40.  We  cannot  identify  both  the  year-by-year  time  effects  and  industry 
experience  effects  in  the  homogeneous  technology  specification  in  which  we 
use  all  coal  experience  (rather  than  technology  specific  experience)  as  the 
experience  measure.  Given  the  way  experience  is  measured  (year  by  year),  the 
industry  experience  variable  in  this  case  is  just  a  linear  combination  of  the 
time  dummy  variables.  Similarly,  we  cannot  identify  separate  industry 
experience  effects  for  each  technology  as  well  as  the  time  dummy  variable 
coefficients  for  exactly  the  same  reason.  By  imposing  a  particular  functional 
form  on  the  time  effects  (linear,  quadratic,  etc.)  we  are  technically 
identified  and  could  estimate  industry  experience  coefficients,  but  we  are 
quite  reluctant  assume  identification  by  imposing  an  arbitrary  functional 
form  on  the  residual  time  effects. 

41.  Dow  Chemical  (1975),  p.  71 

42.  For  example  AEP  is  typically  thought  to  place  greater  emphasis  on  plant 
reliability,  perhaps  leading  to  higher  initial  construction  costs  that  those 
associated  with  less  stringent  design  standards. 


43 •  This  is  not  a  strict  time  series  as  we  may  observe  more  than  one  unit  for 
a  particular  AE  in  a  given  year,  and  there  are  often  "gaps"  in  the  series  of 
units  over  time. 

44-  See  Nerlove  (1971 )  for  an  exposition  of  these  assumptions. 

45'  Hausman  and  Taylor  (1981 )  describe  an  instrumental  variables  estimator 
that  is  both  consistent  and  efficient  for  this  general  class  of  problems. 
Since  we  have  some  interest  in  actually  obtaining  estimates  of  AE  effects 
directly,  for  use  in  future  work,  we  use  fized  effects  rather  than  IV  with 
some  sacrifice  in  efficiency. 

46.  The  specification  tests  took  the  following  form:  ¥e  first  estimate  by  OLS 
the  equation, 

(i)   LAC  =  (X.^  -  X.)6  +  X.y  +  w^  +  e^ 

t        Xt      X         X        t      t 

T. 
1   1 
where       X.  =  tt"  ^  X. 
^   ^i  t=l  ^^ 

^  =  ^i  +  \t 

¥e  then  compute  the  chi-square  statistic  for  the  test  of 

H  :  6  =  Y    2^^-   ^A'  ^  '^  "^     •  -"-^  E(¥.1x)  ^  0,  we  will  reject' H  .  Because 
Evee')  =  Q,  "^o   I,  where  ^  is  block  diagonol  rather  than  diagonal,  we  correct 
the  variance  covariance  matrix  of  the  parameter  vector  and  compute  the 
test-statistic  as 

X^  =  (R6)'(R(X'X)""'"X'f2X(X'X)"-'")""'"RB 

47.  Using  1 /I +experience  has  no  effect  on  the  results  reported  for  this 
specification  and  to  save  space  we  have  not  reported  them  here.  ¥e  do  report 
results  for  both  functional  forms  for  the  other  specifications,  below. 

48.  The  coefficient  of  EXPERAE  is  0.018  with  t=  0.18.  The  coefficient  of 
EXPERU  is  -0.0275  with  t  =  0.61. 

49.  F(6,545)  =  4.26 

50.  F(4,343)  =  1.52 

51.  F(6,543)  =  4.26 

52.  F(4,337)  =  2.45 

55.  The  utility  learning  effects  are  sensitive  to  the  estimation  technique 
used. 

54*  Note  that  there  were  only  two  1800  psi  units  of  size  greater  than  400 
Mwe. 

55.  See  earlier  discussion  of  the  technology. 

56.  See  Electric  Power  Research  Institute  (1982),  Page  B-55. 


57.  The  utility  learning  effects  are  sensitive  to  the  estimation  technique 
used.  OLS  gives  smaller  coefficient  and  less  precise  estimates. 

58.  Willenhrock  and  Thomas,  page  798. 

59.  Sargent  and  Lundy  (1980) 

60.  In  a  recent  survey  prepared  for  EPA  and  EPRI  covering  all  scrubbers 
operating  as  of  March  1983,  the  average  capital  cost  per  scrubber  was 
reported  as  $118.8  per  Kw  (with  a  very  wide  range)  including  retrofits  which 
had  an  average  cost  of  $159  per  Kw.  The  average  cost  of  scrubbers  built 
initially  as  part  of  the  unit  appears  to  be  about  $110  per  Kw.  Electric 
Utility  ¥eek,  November  28,  1983,  page  9.  However,  these  figures  apparently  do 
not  adjust  for  inflation  or  interest  during  construction  and  include  many 
units  which  began  operation  in  the  1981  to  1983  period  when  construction 
costs  were  higher  than  1980.  The  dollar  figures  we  report  exclude  IDC  and  are 
in  $1980.  Taking  these  factors  into  account  it  appears  that  the  estimated 
cost  of  scrubbers  from  the  regression  equations  is  reasonably  close  to  actual 
experience. 

61 .  ¥e  have  estimated  this  relationship  separately  for  each  technological 
group  and  for  different  time  periods.  The  pattern  of  time  effects  is  very 
robust. 

62.  Declining  construction  productivity  has  been  of  concern  in  the  utility 
industry  as  well  as  in  other  industries.  See  Business  Roundtable  (1983) 

63.  Recall  that  the  nominal  cost  figures  include  accumulated  interest 
charges.  In  the  late  1970's  high  nominal  interest  rates  led  to  reported 
construction  cost  figures  that  had  a  relatively  high  proportion  of  IDC 
charges. 

64.  See  Zimmerman,  p. 302. 

65.  See  Snow  (1975)  for  a  review  of  the  literature  on  investment  cost 
minimization  in  a  growing  system  with  scale  economies. 

66.  See  footnote  4  infra. 

67-   See  Table  5  "Average  Annual  Rates  of  Growth  in  Summer  Peak  Load 
Forecasted  by  the  Electric  Reliability  Councils,  1967-81,"  in  "Nuclear  Plant 
Cancellations:  Causes,  Costs  and  Consequences,"  p.  16.  U.S.  Department  of 
Energy,  DOE/EIA-0392,  April,  1983- 

68. Ibid. 

69.  See  Myers  and  Majd  (1983) 

70.  Perl  (1982)  makes  the  first  effort  to  integrate  these  considerations  in 
an  analysis  of  total  life-cycle  costs  of  coal-fired  generation. 

71.  These  units  were  built  between  1965  and  1974.  The  data  include  operating 
experience  from  1969  to  1977  (depending  on  when  the  unit  was  placed  in 
operation).  These  results  are  preliminary.  ¥e  are  expanding  the  data  set  and 


plan  to  analyze  these  performance  issues  further. 

72.  The  procedure  and  sample  results  for  suhcritical  units  are  discussed  in 
Schmalensee  and  Joskow  (1984). 

75'  The  thermal  efficiency  of  a  unit  declines  when  it  is  run  helow  its  rated 
maximum  capacity.  When  units  are  run  at  less  than  design  capacity 
because  of  equipment  problems  or  turned  on  and  off  for  major  maintenance,  the 
overall  thermal  efficiency  suffers.  A  subcritical  unit  run  at  full  load  is 
more  efficient  than  a  supercritical  unit  run  at  ^0%   of  design  capacity. 

74.  See  Joskow  and  Schmalensee (1 983 ) ,  Chapters  2,5  and  7. 

75.  Gordon  (1982)  and  Gollop  and  Roberts  (1983) 

76.  Gollop  and  Roberts  (1983).  We  are  exploring  these  issues  further. 
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DATA  APPEHDIX 

The  primary  data  tase  includes  all  440  units  listed  in  the  Department  of 
Energy's  Generating  Unit  Reference  File  (  GURF)  which  began  operating  during 
the  years  1960  to  1980,  were  designed  to  hum  coal  and  actually  did  hum  coal 
in  their  first  year  of  operation.  In  addition  to  the  primary  data  hase  we 
.  also    have  data  from  a  census  that  we  performed  of  all  coal  units  built 
between  1950  and  1959  inclusive.  For  these  units  we  have  information  on  unit 
size,  operating  year,  utility,  turbine  throttle  pressure  and  AE.  These  data 
were  used  along  with  the  information  in  the  primary  data  base  to  construct 
the  experience  variables  for  the  1960-1980  units  and  to  construct  Tables  1 
and  2.  Finally,  we  have  identified  all  coal  units  which  began  operating  in 
1981  and  1982,  their  sizes  and  steam  pressure  characteristics  in  order  to 
bring  tables  1  and  2  up  to  date.  Construction  cost  data  and  other 
characteristics  of  these  latest  units  were  not  available  as  this  is  written. 
Of  the  440  units  in  the  primary  data  base  we  have  information  on  all 
variables  in  the  estimating  relationships  for  41 1«         The  missing 
information  for  the  others  is  typically  the  construction  cost. 

To  identify  the  units  for  the  primary  and  secondary  data  bases  we  made 
use  of  a  variety  of  sources.  These  included  the  Department  of  Energy's, 
Generating  Unit  Reference  File  (GURF),   the  Inventory  of  Power  Plants 
(various  years),  the  Federal  Energy  Regulatory  Commission's  (formerly  the 
Federal  Power  Commission)  Steam-Electric  Plant  Construction  Costs  and  Annual 
Production  Expenses  (  Annual  1949  to  1980 — -FPC  Statistics),  annual  surveys 
in  Power  magazine,  and  the  NUS  Corporation's  Commercial  Coal  Power  Plants 
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Construction  cost  data  were  obtained  from  Steam-Electric  Plant 
Construction  Cost  and  Annual  Production  Expenses  (  Annual  1959-1980).  This 
publication  reports  the  gross  expenditures  on  plant  and  equipment  (including 
structures  and  land)  by  generating  plant.  To  obtain  construction  costs  of 
each  unit  we  identified  the  year  that  a  particular  unit  began  commercial 
operation.  The  expenditures  on  a  unit  enter  the  gross  expenditure  account  for 
the  plant  in  the  year  that  it  begins  commercial  operation.  By  subtracting  the 
construction  expenditures  listed  for  the  previous  year  from  those  reported 
for  the  year  a  plant  begins  commercial  operation  we  obtain  an  estimate  of  the 
"as  spent"  nominal  construction  costs  for  that  unit.  The  only  potential 
source  of  error  in  this  estimate  would  occur  if  the  existing  units  incurred 
large  capitalized  maintenance  expenditures  in  the  same  year  that  a  new  unit 
comes  on  line.  In  some  cases,  two  units  of  a  plant  come  on  line  in  the  same 
year  and  there  is  no  way  to  identify  separate  construction  costs  for  each. 
When  this  happens  the  units  are  almost  always  identical  twins.  ¥e  assign  each 
unit  the  same  construction  cost.  In  this  case,  if  one  of  the  units  is  the 
first  unit  on  the  site  we  do  not  give  it  a  value  of  one  for  the  first  unit 
dummy. 

We  adjust  the  nominal  construction  cost  data  to  reflect  changes  in  input 
prices  and  interest  rates,  and  express  the  deflated  costs  in  $1980  excluding 
standardized  interest  during  construction  (IDC)  charges.  For  each  unit  we 
start  with  the  reported  "as  spent"  nominal  construction  cost  and  use  the 
following  formula  to  adjust  the  reported  figure  to  net  out  interest  charges 
and  to  adjust  the  reported  expenditures  to  reflect  prices  prevailing  during 
the  initial  year  the  unit  operated. 
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(A1)  Total  cost  in  initial  year  .      = As-spent  nominal  cost 

constant  dollars  (net  of  IDC)  ^  S,.  H  (l+p(i)).   IT  (Ur(j)) 

1=1   *  1=1  j=t 


where : 


S.=  the  share  of  actual  construction  expenses  in  year  t,  taken  from  a 
typical  cash  flow  curve  as  described  in  Power  Plant  Capital  Costs 
Current  Trends  and  Sensitivity  to  Economic  Parameters,  U.S.  Atomic 
Energy  Commission,  WASH-1545,  October  1974,  Figure  5*  This  gives 
annual  cash  flows  for  a  five  year  construction  period. 

P(i)  =  the  percentage  change  in  input  prices  in  year  1,  taken  from  the 
Handy-Whitman  Public  Utility  Construction  Cost  Index  for  All  Steam 
Plant,  (by  region). 

r(j)  =  the  average  AFUDC  rate  from  the  Deparment  of  Energy's,  Statistics 
of  Privately-Owned  Utilities  in  the  United  States (various 
years  — earlier  editions  produced  by  the  Federal  Power  Commission) 

Nameplate  generating  capacity  for  each  unit  is  based  on  the  capacity 
reported  in  the  FPC  Statistics  for  the  year  the  unit  was  placed  in  service. 
For  the  few  units  not  reported  there,  we  used  the  nameplate  capacities 
reported  in  GURF.  Steam  pressure  and  indoor/outdoor  construction 
characteristics  were  obtained  primarily  from  the  FPC  Statistics.  This  source 
was  supplemented  with  information  drawn  from  Power,  NUS,  and  Electrical 
World.  The  cooling  tower  Information  was  obtained  from  GURF. 

The  regional  wage  data  are  the  reported  average  union  wage  plus  employer 
benefit  contributions  for  helpers  and  journeymen  in  the  building  trades.  This 
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information  was  obtained  from  the  Bureau  of  Labor  Statistics,  Union  Wages  and 
Hours;  Building  Trades,  July  1,  1976,  Bulletin  1972,  Table  12. 

Information  on  the  architect-engineer  for  each  unit  was  obtained  from  a 
variety  of  sources  including  NUS,  Power  magazine,  the  Perl  data  base  (see 
below)  and  telephone  calls  to  electric  utilities.  The  scrubber  information 
was  obtained  from  the  EPA  Utility  FGD  Survey,  October-December  1979»  Jan. 
1980,  GURF,  and  NUS. 

The  data  collection  effort  was  eased  substantially,  especially  the 
tedious  task  of  collecting  the  construction  cost  information,  thanks  to  Lew 
Perl  who  made  his  data  for  245  coal  units  available  to  us.  ¥e  checked  a 
subset  of  the  data  in  his  sample  both  for  accuracy  and  to  ensure  that  we  were 
using  a  symmetrical  computation  procedure  for  the  other  200  units.  We  use  a 
somewhat  different  computation  procedure  for  developing  the  $1 980  cost 
figures;  our  cash  flow  pattern  is  slightly  different  and  we  use  regional 
input  price  indexes.  We  are  grateful  for  all  of  the  help  that  Lew  gave  us. 
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